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ABSTRACT
IMPROVING THE HYDROLOGICAL ANALYSIS OF GROUNDWATER
FLOW PATHS BY INTEGRATING GEOCHEMICAL AND PHYSICAL
CHARACTERISTICS OF A HIGHLY FRACTURED AQUIFER SYSTEM TO
CREATE SUSTAINABLE USE OF GROUNDWATER IN A CLIMATE WITH
PROJECTED DRYING TRENDS.
FEBRUARY 2022
MARSHA K ALLEN, B.A., MOUNT HOLYOKE COLLEGE
M.A., BROOKLYN COLLEGE
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor David Boutt
Precipitation over Caribbean islands has decreased steadily since the 1950's, which
has led to severe drought conditions. The most recent Pan-Caribbean Drought occurred
from 2013 to 2016.
Climate models predict that drying trends are expected to continue and become
more severe over time as precipitation decreases and temperatures rise. In addition,
evaporation rates on these islands are expected to increase by ~15-17%, contributing to the
drought.
Though fractured bedrock aquifers account for 20% of the world's aquifer systems,
essential questions of how to characterize and quantify the magnitude of this type of
subsurface storage in the context of water supply development remain poorly understood.
This study aims to understand the magnitude of groundwater storage and water
supply sustainability of one such aquifer system on the island of Tobago. This island is
predominately composed of highly fractured Mesozoic igneous and metamorphic rocks
with a well-developed saprolite soil cover. The vast majority of hydrogeologic research on
small islands has been conducted on volcanic islands, which has produced valuable
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information about subsurface layer heterogeneity and its effect on flow rates and solute
transport. However, there is limited information on groundwater behavior in geologically
and structurally complex islands that are predominantly composed of fractured coarsegrain igneous crystalline rocks, as seen in Tobago.
Here we present the results of this research, which shows inter-basin flow due to
the connectivity of fractures and faults. Environmental tracers indicate that older
groundwater (30+ years) is located in the island's southern region. This transport has
supported multiple types of groundwater mixing trends. Finally, the quantification of
recharge using climate models and 3- dimensional groundwater modeling shows the
consistant reduction of storage in this aquifer to the year 2099.
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CHAPTER 1
ORIGIN OF RESEACH
1.1 Introduction
This research was initiated in 2014 by the government of Trinidad and Tobago
Water and Sewage Authority (WASA) in response to a severe water shortage described in
Boutt, Allen et al., 2021.
Tobago's prior work has established a robust hydrologic budget for the entire
aquifer system (Boutt, Allen et al., 2021). The major conclusion is that the fractured
bedrock receives recharge of ~400 mm of the ~1900 mm total annual precipitation. This
study aims to use geochemical, environmental tracers, and groundwater modeling to
address all of the unknown that arose from the preliminary research of Tobago's
hydrogeological system:
1. Why are some of the GRU's/sub-catchments producing more than 100 to
1000% of their calculated recharge?
2. What is the source/s for this excess water?
3. What are the roles of these fractures and faults in Tobago's hydrogeologic
system (Figure 1)?
4. How will continual climate drying patterns affect the amount of water stored
in the subsurface and GRU's.
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Fig. 1. Map illustrating the relationship between Groundwater Recharge Units and
groundwater production wells from Boutt et al., 2021.

1.2 Geochemistry in groundwater analyses methods
Water has the unique ability to reveal its journey throughout the hydrological cycle.
Hydrogeologists use geochemistry to decipher the processes and places it has been. Soil
profiles contain decomposing rocks called saprolites of different lithologies that have been
chemically weathered over time (Rutherford et al., 1988). Saprolites are commonly seen at
latitudes with high weathering rates, such as the tropics; therefore, it is less commonly seen
at higher latitudes due to glacial scouring (Rutherford et al., 1988). As water from
precipitation events percolates through saprolite profiles, reactions neutralize incoming
rainwater and cycle nutrients through the environment(White et al., 2002).
In this study, the geochemical characterization of waters within various lithologies
will be utilized to identify signatures of groundwater mixing and flow path identification.
Understanding elemental contributions from different lithologic saprolite types is a key

18

component to tracking groundwater flow paths in highly fractured coarse-grained
crystalline rocks (Bestland and Stainer, 2013; Banks et al., 2009; Kim et al., 2003).
Hydrochemical analyses of ground and surface waters has linked saprolites to
metamorphic and volcanic rocks (White et al., 2002; Kim et al., 2003). These analyses
allowed measurements of solute fluxes, mixing of different water types, and sources of
saline water contamination of fresh water wells (White et al., 2002; Kim et al., 2003). More
specifically, the plotting of HCO3/Na to Ca/Na and Mg/Na vs Ca/Na can be used to
identify the parent lithology in which groundwater was stored (Moon et al., 2014) ( Figure
2).

A study conducted by Bestland and Stainer, 2013 used strontium in groundwater
of different saprolites to establish mixing ratios between stream water, groundwater, and
soil water. It was determined that groundwater mixing was a function of seasonal changes
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and elevation of the parent rocks. Strontium
isotopes in groundwater originate from the
dissolution of minerals, ion exchange with
clays, and mixing with seawater (both
modern or relict seawater) (Kim et al.,
2003). The analysis of

87

Sr/86Sr ratios and

total strontium concentration can be used to
groundwater

mixing

precipitation

to

lines

rock

between

equilibration,

groundwater to seawater mixing, as well as
the

mixing

line

between

different

lithologies, assess flow paths of water,
sources of salinity, and mixing patterns
(Gaillardet et al., 1997; Roy, Gaillardet and
Allègre, 1999; Kim et al., 2003; Dia et al.,
1992) (Figure 2).
Fig. 2. Major cations and compounds and strontium
ratio and concerntrations used in identifing parent
lithology and mixing line trends from Gaillardet et
al., 1997. a. 87Sr/86Sr vs Ca/Sr. b Mg/ Na vs Ca/Na ,
c, (HCO3/Na, vs Ca/Na.

The well water composition of Tobago's high producing basins will be chemically
analyzed using the methods previously mentioned to assess the possible flow paths of
fractures that intersect with those GRUs. This will be completed using mixing models that
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incorporate; groundwater, precipitation, spring water, surface water samples, major, minor
elemental compositions, and stable isotopes.
Sample data collected in 2014, 2015 , 2018 and 2019 are used to track changes in
well waters chemical compositions because the bedrock lithologies and their respective
saprolites are diverse, which makes specific signatures for each lithology, allowing
dissolved constituents to be used for tracing groundwater connectivity through fractures
(Cook et al., 2005; Darling et al., 2012).
In the case of islands, there is also the susceptibility of mixing with ocean
water (seawater intrusion) due to both drought conditions and/or over-pumping
(Rutherford et al., 1988; Mondal et al., 2010; Kim et al., 2003; Mondal et al., 2010). We
will apply piper plots, bivariate plots, 2 part and 3 part mixing models to explain the flow
path location, the extent of mixing, and the lithological source water. A focus will also be
placed on wells with high saline content to reveal the process(es) that contribute to their
salinity and elemental enrichments.

1.3 Environmental tracers' analyses methods (groundwater age dating)
The age of Tobago's groundwater is still unknown and is an essential component of
understanding flow paths and groundwater mixing. Therefore, the age of ten production
wells will be analyzed using tritium (3H) and sulfur hexafluoride (SF6). These age dating
tools are used to date waters between 0 to 60 years. Because Tobago is located in a region
that receives high seasonal precipitation, it is expected that a large portion of the
groundwater ages will be young.
We believe that the over-producing GRU's are connected to fractures with long
flow paths; therefore, they will present older groundwater ages to the south of the island.
21

Groundwater age dating is a valuable tool that helps validate mixing models and
groundwater flow paths in fractures. Tritium (3H) is a radioactive isotope with a half-life
of 12.43 years and is a reliable tracer for the dating of young waters < 60 years old (Kendall,
Doctor and Young, 2014). Tritium concentrations are measured in tritium units where (1
TU equals to 1 3H atom in 1018 atoms of hydrogen) (Kendall, Doctor and Young, 2014).

Before the initiation of nuclear testing in 1952, the tritium concentration in the
atmosphere ranged between 2-8 TU; however, after the advent of nuclear testing, the
concentration spiked in the atmosphere between 1963 to 1964 Lindsey, Jurgens, and Belitz,
2019). There are still many unknowns about the concentration of tritium pre-1952;
however, it has been calculated that groundwaters before this event contained a maximum
tritium concentration between 0.1 to 0.4 TU (Kendall, Doctor and Young, 2014). Waters
after this period in time contain increased tritium, which allows it to be utilized as a
chemical marker for water age calculation (Kendall et al. 2014)(Figure 3).
Tritium has been used in deciphering the age of waters in large drainage basins in
the United States, and its analysis has shown that 60 ± 20% of river waters on the continent
were approximately one year old (Kendall and Coplen, 2001; Kendall, Doctor and Young,
2014).

Sulfur Hexafluoride (SF6) is used to age date waters <50 years old and aid to
resolve the extent of mixing in groundwaters (Gooddy et al., 2006).
SF6 is a gas commonly used in the production of electrical switches and metal
casting processes because of its inert characteristics (Solomon et al., 2015(Solomon, D.K.,
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T.E . Gilmore, B. Kimball, 2015; Darling et al., 2012). Long-term monitoring of this gas
in the atmosphere shows it is increasing at a rate of 7% per year (Darling et al. 2012(Darling
et al., 2012)). It also dissolves in precipitation, making its way into groundwater deposits
and has become a reliable tool in the calculation of groundwater age and water flow paths
(Solomon, D.K., T.E . Gilmore, B. Kimball, 2015; Darling et al., 2012).

A small

percentage of SF6 is introduced into the atmosphere and groundwater water through
terrigenic processes like the weathering of mineral fluorite and volcanic activity (Solomon
et al., 2015).

1.4 Transient groundwater flow modeling
The quantification of storage changes in this aquifer system will be conducted
spatially and temporally monthly with data from regional climate model projections and
groundwater modeling. The precipitation and recharge outputs from these climate models
will be inputted into a previously created 3-dimensional steady-state groundwater model
of the island developed by Boutt et al., 2021 to add transience to the year 2099.
Therefore, its application to the groundwater model will reflect the changes in the island
groundwater storage on a monthly timestep basis as it continues on its drying path.
Groundwater models can use parameters that reflect the conditions in a
groundwater system both spatially and temporally to predict the behavior of an aquifer.
Models incorporate multiple aspects of the site, such as the geology, field measurements,
and governing equations for the type of system, to calculate unknowns such as storage
capacity, flow rates, and solute transport.
23

Transient groundwater flow simulations are used to analyze time-dependent
problems. The steady-state model created in Boutt et al., 2021 conditions will be used as
time 0, and the amount of water that enters the system is equal to the amount of water that
leaves the system. Therefore, the calculated change in water storage of the aquifer is equal
to 0 (inputs-output = 0 change in storage). After time 0, transience begins due to changes
of inputs over time, reflecting changes in the aquifer storage capacity.
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CHAPTER 2
GROUNDWATER RECHARGE TO A STRUCTURALLY COMPLEX AQUIFER
SYSTEM

Abstract
This study quantifies groundwater recharge for sustainable groundwater development on
the island of Tobago, West Indies. Trinidad and Tobago is a developing nation in the
Lesser Antilles of the Caribbean. Tobago is the smaller of the two islands with small
highly heterogeneous aquifers composed of igneous and metamorphic crystalline rock
with strong structural controls on the spatial distribution of permeability. Hydrogeologic
analyses of the water budget and groundwater production suggests that portions of the
island are underlain by prolific fractured-rock aquifer systems. We quantify the amount
and spatial distribution of recharge, as well as the fraction of recharge captured by
groundwater pumping using historical data, new field data, remote sensing data, multiple
storage quantification methods and stable isotope analysis. Despite extensive freshwater
withdrawals, groundwater production reaches only ~10% of annual groundwater
recharge. Groundwater capture zones are created using a 1st order hydrologic balance
approach and with backward particle tracking in a steady-state ground water model. Both
approaches to generating capture zones suggest that many wells capture water from
outside their topographic watershed. The location of sustainable, high yield, fresh potable
groundwater wells less than 1 km from the coast that have fractured bedrock intakes well
below sea level supports a rigorous and active groundwater flow system. Understanding
the hydrogeology of small bedrock island aquifers is critical to evaluating groundwater
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resources, especially in the Caribbean where there is strong seasonality in precipitation,
finite surface water storage and increases in potable water demands.

2.1 Introduction
Many island nations across the world are finding their water resources impacted
by population growth, climate change, and sea level rise (Ferguson and Gleeson 2012 ;
Karmalkar et al. 2013; Holding et al. 2016; Karnauskas et al. 2016 ). Groundwater
supplies on islands are an important reserve of freshwater, but the hydrogeologic setting,
geologic complexity, potential for salt-water intrusion, and minimal groundwater storage
make these resources difficult to use or access (Ferguson and Gleeson 2012; Kim et al.
2003; Banerjee et al. 2012). The geologic history of an island (carbonate reef/atoll,
volcanic, clastic sedimentary) exerts a first-order control on the nature of the groundwater
flow system (Charlier et al. 2011; Kim et al. 2003; Banerjee et al. 2012; Collins III and
Easley 1999; Koh et al. 2006; Heilweil et al. 2012). For example, islands with relatively
uncomplicated geology and distribution of hydraulic conductivity have a well-developed
freshwater lens, the size and extent being determined by climate and island topography
(Collins III and Easley 1999; Banerjee et al. 2012; Schneider and Kruse 2003). Volcanic
islands that are dominated by basalt flows have complicated distributions of hydraulic
conductivity and flow systems that are strongly impacted by the presence of lava flows
and intrusive dykes (Charlier et al. 2011; Kim et al. 2003; Koh et al. 2006; Hamm et al.
2005). Carbonate reef island systems have complex distributions of hydraulic
conductivity due to secondary porosity development through karstification and carbonate
stratigraphy (Stringfield et al. 1979; Schneider and Kruse 2003; Banerjee et al. 2012).
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Islands comprised dominantly of igneous and crystalline metamorphic rocks, have low
primary porosity and hydraulic conductivity, and these islands rely on fracturing and
faulting to allow enhanced groundwater storage and flow system development. The
preferential nature of the porosity and hydraulic conductivity distribution of this type of
geologic setting impacts how water is stored and transported, leading to many questions
regarding 1) volume of water stored, 2) water residence time distribution, and 3)
sustainability of the resource. The quantification of recharge to such aquifer systems and
discharge to wells and surface water bodies is further complicated by the localized nature
of the porosity and permeability. Many decades of work have focused on continental
hydrogeology of fractured rock aquifer systems (Davis and Turk 1964; Robinson and
Beven 1983; Gustafson and Krásný 1994; Barton et al. 1995; Hsieh and Shapiro 1996;
Brown and Bruhn 1998; Pyrak-Nolte and Morris 2000; Morin and Savage 2003; Min et
al. 2004; Ohman et al. 2005; Boutt et al. 2010; Manda et al. 2013; Earnest and Boutt
2014). Complex structural and tectonic histories lead to the formation of multiple faults
and fracture sets with complex spatial distributions (Gustafson and Krásný 1994; Caine et
al. 1996; Caine et al. 2003; Banks et al. 2009, Biryukov and Kuchuk 2012). These
processes along with the interaction between different scales of brittle and structural
deformation give rise to distributions of hydraulic conductivity dominated by larger and
more connected fracture sets. Structural elements associated with brittle faults and ductile
shear zones have been shown to both increase and decrease permeability relative to the
matrix (Caine et al. 1996; Caine et al. 2003; Bense et al. 2013; Williams et al. 2013).
Strong depth dependence of smaller-scale fracture sets (Boutt et al. 2010) leads to depthdependent permeability associated with fracture closure and fracture absence. Extensive
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field studies have shown that fractures that are well connected and oriented can increase
the permeability by many orders of magnitude even at kilometer scales (Earnest & Boutt.
2014; Barton et al. 1995; Bense et al. 2013). The presence of unconsolidated overburden,
glacial sediments, colluvium, and saprolite has been shown to have different impacts on
the underlying groundwater system development, but in almost all cases serve to be a
source of storage and potential recharge to the fractured bedrock (Kretzschma et al. 1994;
Mogaji et al. 2011 ). Few studies have been able to focus on the groundwater system
development of aquifers in an oceanic island setting, where the water budget and lateral
boundaries are relatively well constrained (Kim et al. 2003; Banerjee et al. 2012; Lii and
Easley 1999; Koh et al. 2006; Heilweil et al. 2012).
This paper documents the hydrogeologic conditions of the groundwater system on
an island dominated by fractured igneous and metamorphic rocks. The island of Tobago
is a developing island nation in the southeast Caribbean, whose groundwater resources
are strained, because the demand has doubled over the past decade (Mimura et al. 2007 ;
Herrera et al. 2018). The island has a tropical climate where precipitation is strongly
seasonal, during the dry season (January to May) its sole surface water reservoir becomes
exhausted, and groundwater serves as its main water resource. The majority of the island
is composed of metamorphic and igneous rocks that have low matrix storage and
permeability. Previous water supply investigations by the country’s water management
company (The Trinidad and Tobago Water and Sewage Authority- Water Resource
Authority (WASA-WRA)suggest that the faulted and fractured bedrock serves as one
attribute to enhance the permeability of the island. Due to increased pressure on surfacewater resources, it is essential to increase understanding of the timing, amount, and
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spatial distribution of groundwater recharge to Tobago’s aquifer systems to determine
whether it is able to serve as a sustainable water source. Therefore, the objectives of this
work are to 1) determine the overall water budget of the island, 2) assess the magnitude
and timing of groundwater recharge, and 3) simulate the fate of the groundwater recharge
to assess the volume of pumped groundwater to the water budget of the island in a
structurally complex fractured aquifer system.

2.2 Background
2.2.1 Study site
The islands of Trinidad and Tobago are located in the Lesser Antilles in the southeastern
Caribbean (Figure 3). Tobago is the smaller of the two islands, located northeast of
Trinidad with an area of 300 km2, and highest elevation of ~580 m above sea level.
Structurally, Tobago is situated on the northeastern corner of the South American
continental shelf (Speed and Horowitz 1993; Speed and Horowitz 1998). It is
approximately 41 km in length and 10 km in width at its widest point, oriented southwest
to northeast. Trinidad and Tobago is a developing country with a population of
approximately 1.365 million as of 2016 according to The World Bank. The local water
management agency has noted that the current water resource is challenged by the the
impacts of climate change, pollution, industrial demands, flooding, degrading wetlands,
watersheds and coastlines, growing population and degrading infrastructure (Government
of the Republic of Trinidad and Tobago 2017).
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2.2.2 Hydrology of the island
Atlantic trade winds predominantly flow from the east/northeast, and there are two
distinct seasons in this region with one-year cycles: a dry season lasting from January to
May and a wet season from June to December. During the wet season, the trade winds are
intercepted by the main mountain ridge (580 m) on the island creating an orographic
effect leading to increased precipitation. Precipitation reaches a maximum in November
(~300 mm) and a minimum in March (~40 mm). Mean annual rainfall on Tobago is 1,900
mm. Evapotranspiration (ET) dominates the terrestrial water budget of the island with ET
rates exceeding ~1200 mm/yr. The island has numerous rivers and streams, of which all
are perennial. Dry season flows, while low, are assumed to be sustained by baseflow via
groundwater discharge. Major watersheds are delineated in Fig.3, with the largest of
these being Courland, Bloody Bay, Goldsborough, Richmond, Louis D’or, and Argyle.
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Fig. 3. Map of Tobago, West Indies with inset map showing geographical location relative
to surrounding countries. Watershed boundaries from a 25m DEM. Illustrated faults and
structures illustrated are acquired from Snoke et al. (2001).
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2.3 Geology, Structure, and Hydrogeology of Tobago
The island of Tobago has experienced multiple tectonic events over time due to
its location within the Caribbean Plate/South American Plate transition boundary (Aitken
et al. 2011, Snoke et al. 2001; Speed et al., 1993; Speed and Smith-Horowitz, 1998).
Previous studies suggest the island, which is predominately comprised of Mesozoic Age
rocks, was deformed and transported tectonically northeast over time (Snoke et al. 2001).

The lithology and geological features of Tobago are documented in studies
conducted by Speed and Smith-Horowitz 1998 and Snoke et al. 2001 (Fig. 4). Snoke et
al. 2001 contains a detailed geologic map and cross-sections from the island geology. The
bedrock of the island of Tobago comprises primarily of Mesozoic plutonic rocks and
volcanic rocks with minor Tertiary Age platform limestone, conglomerates, clays and
marls (Snoke et al. 2001). The island is composed of three main east-west striking
lithologic belts: The North Coast Schist, the Tobago Volcanic Group, and a Plutonic
Suite. A mafic dike swarm intruded the Tobago Volcanic Group and Plutonic Suite,
whereas the North Coast Schist contains only a few scattered post-metamorphic dikes.
On the southeastern end of the island there is a Quaternary coralline limestone platform
composed of unconsolidated marine deposits (the Rockly Bay Formation) (Snoke et al.
2001). It includes clays, sandy clays, ferruginous silts, sands, marls, pebble beds and
conglomerate with clay predominant in the upper sections and sands and pebble beds
predominant in the lower sections. The formation reaches depths of about 190 meters in
the southern sections of the island.
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Fig. 4. Modified geological map of Tobago, West Indies from Snoke et al. (2001), illustrating faults and
structural features, lithological units, and production well locations.
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The North Coast Schist is the northernmost lithologic unit on the island and is
estimated to have formed in the Early Cretaceous (Snoke et al., 2001). The majority of
the unit is low-grade greenschist-facies. The Tobago Plutonic Suite is a heterogeneous
intrusive igneous complex, which intruded and metamorphosed both the North Coast
Schist and the Tobago Volcanic Group. The Tobago Volcanic Group caps the intrusive
Plutonic Suite and is the southernmost lithologic band on the island. The Volcanic Group
consists mainly of mafic volcanoclastic breccias. The Plutonic Suite occurs through
various erosional windows, and it appears that The Tobago Volcanic Group thins
eastward as it approaches the Plutonic Suite. A mafic dike swarm intruded the Plutonic
Suite as well as the Tobago Volcanic Group. Due to the island’s location near the
Caribbean Plate/South American Plate Boundary transition zone and its affiliation with
island arc complexes associated with the Caribbean Plate subduction zone, it has
experienced numerous episodic deformational events. Most of the island’s major faults
are generally oriented N-S to NW-SE for the Southern Tobago Fault System which is
oriented W-E. The Mesozoic tectonic activity created penetrative plastic deformation
coupled with green schist facies metamorphism observed in the amphibole aureole and
North Coast Schist (Snoke et al., 2001). This led to the subsequent alignment of foliation
and associated lineation with geologic contacts (Snoke et al., 2001). Faults and fractures
associated with these structures introduce heterogeneity into the aquifer system that may
create preferential flow paths that cross topographic watershed boundaries and allow for
exceptional groundwater production rates (Caine and Tomusiak 2003). A thick saprolite
layer is located between the above soil deposits and the fractured bedrock. Saprolite
thicknesses in tropical climates are approximately 1 to 8m in depth (Buss et al. 2008;
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Pett-Ridge JC et al. 2009; Buss et al. 2010). The island does not have extensive porous
media aquifers (Hydrogeological Atlas of the Caribbean Islands and UNESCO, 1986).
The Rockly Bay and similar formations can contain moderate amounts of groundwater
which is stored and transmitted through permeable sand and gravel, which provide
groundwater recharge to underlying bedrock fracture systems. Several low to moderate
yield wells are installed in this formation. However, its limited lateral extent and high
clay content restrict the amount of groundwater, which can be extracted from this unit
over the long term. The Quaternary limestone in the lowland area of the island averages
about 12 meters in thickness. Its secondary permeability can be high; however, because it
is thin and has a unit base elevation extending only 10 meters below sea level, it is very
limited in its usefulness as a sustainable public water supply source. Its primary
hydrologic function is as a source of surface recharge to underlying formations.
Production wells targeted in the underlying igneous and metamorphic bedrock suggest
that these units are capable of producing significant amounts of freshwater.
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2.4. Materials, Methods, And Study Approach
The following sections detail the methods of our integrated hydrologic, isotopic, and
groundwater modeling study. We first derive a complete hydrological budget of the
island using historical meteorological and hydrologic data. These water budget
components are used to determine the spatial and temporal variation of groundwater
recharge on the island. The total annual groundwater recharge is then used as input into a
steady-state groundwater flow model to assess the capture amount of groundwater
production wells on the island on an annual basis. Finally, the isotopic characterization
assists with corroborating physical hydrological conceptualizations.
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2.4.1 Water Balance Components
We use hydrologic data from observations provided by WASA-WRA (See
supplemental materials) and models to construct a water budget for the island of Tobago
consisting of 3 main components: precipitation, evapotranspiration, and stream discharge.
We provide island-scale estimates of mean annual precipitation and evapotranspiration at
a 25 m scale, and watershed-scale annual stream discharge estimates. Together these
components are used to calculate annual groundwater recharge rates across the island.
The calculation of the spatially distributed groundwater annual recharge rates serve two
main purposes. First, they are used as the input for a process-based groundwater flow
model. Secondly, the recharge rates are compared to existing groundwater extraction
wells to determine the current volume of groundwater tapped by wells. Finally, we also
derive monthly estimates of precipitation and evapotranspiration to explore seasonal
patterns in the water budget and compare with stream discharge observations but are not
used in the groundwater model described below.
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2.4.2 Precipitation
A fifty-year record of daily precipitation data from 16 rain gauge stations provided by
WASA-WRA is used to generate spatially-distributed average monthly and annual
isoheyetal maps for the island of Tobago (Fig. 1). The historical precipitation data was
incomplete, and therefore monthly averages for each of the 16 stations were calculated
from the most complete records (> 95% complete) for the greatest number of stations
(years 1974 – 2006) (Table S1). To interpolate between rain gauge stations, a logelevation weight is applied for each monthly coverage based on a regression analysis of
elevation and precipitation using stations least likely impacted by rain shadow events. A
review of precipitation records revealed that a log relationship was best fitting to model
precipitation with elevation, which is supported by (Daly et al. 1992) (Fig. S1). The best
and simplest fit was represented by the equation:
[Equation] 𝑃𝑃 = 𝐴𝐴 ∗ ln(0.3048𝑧𝑧) + 𝐶𝐶 (1)
where P is monthly precipitation (mm/yr.), A is a dimensionless scaling term, z is the
topographic elevation (m) above sea level, and each monthly value of C is an intercept
value corresponding to an optimized R2 value fit for the most reliable stations (Table S2).
The value of A was 20 for all months except during the dry season, specifically February
to April where more modest increases in precipitation with elevation were represented by
value of 7 for A.
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In order to accommodate higher estimated precipitation values at elevations beyond our
highest available measurement station, we used a linear multiplier for elevations greater
than 244 m using the following equation:

[Equation] 𝑃𝑃 = 1.53𝑧𝑧 (2)
The mean annual precipitation (mm/yr) distribution was created using an inversely
weighted distance interpolation of measured rain gage location values averaged with
precipitation values from the elevation models. This approach is the simplest way to
incorporate the nuances of potential rain shadow effects recorded by each station location
data, while allowing precipitation/elevation relationships to be used as a more
transferable predictor across the island. While elevation is the primary dependent
variable, the coverage of the existing meteorological stations allowed robust predictions
to be determined.
Maps of monthly and annual precipitation were calculated by applying the equations
above to a 25 m digital elevation model (DEM) of the island to produce spatially
distributed precipitation values. These values represent long-term average quantities (~50
yr.) suitable for water budget assessments at the watershed scale.
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2.4.3 Evapotranspiration
Evapotranspiration is estimated using a combined station and modeling approach. There
is only one complete meteorological station on Tobago (Crown Point Airport) that
records data relevant for the calculation of evapotranspiration (ET) operated by WASAWRA. The Crown Point Airport is located in the far southwest corner of the island, a
lowland area with developed urban and agricultural land use, and likely not
representative of ET conditions island wide. To produce reliable monthly potential
evapotranspiration (PET) estimates we used satellite data and the Hargraves method
(Hargreaves and Allen 2003).

We utilize the CGIAR-CSI Global-PET Database (Zomer et al. 2008), which
offers a feasible approach to accurately model PET without the uncertainty produced
from under-constrained linear interpolations. The CGIAR PET model incorporates the
Hargreaves PET method and the World Global Climate Data (Zomer et al. 2008) input
parameters from SRTM topographic data and high-resolution climate observations to
produce PET estimates at a 95-meter grid scale. Monthly average PET (mm/month) geodatasets of mean temperature (Tmean, C°), daily temperature range (TD, C°), and extraterrestrial radiation (RA; radiation on top of atmosphere expressed in mm/month as
equivalent of evaporation), are combined using the following equation according to the
Hargreaves method (Hargreaves and Allen 2003):

PET = 0.0023 * RA * (Tmean + 17.8) * TD0.5
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(3)

Following the Food and Agriculture Organization application of the PenmanMonteith equation, annual actual evapotranspiration (AET) estimates are then derived
from a monthly mean PET value to distinguish between seasonal changes in available
water (precipitation) and PET (Allen et al. 1998). This analysis yields an AET estimate of
76% of PET and is used in the further water balance calculations. As with the
precipitation product above, annual and monthly raster products of actual
evapotranspiration are produced at the 25 m scale for the whole island.

2.4.4 Stream Discharge
In this study stream discharge is estimated from observations to provide a product at the
watershed scale that is used to calculate in-place groundwater recharge. Stream discharge
estimates for Tobago were produced using a combination of WASA WRA historical field
data and our field measurements taken in 2014 (black triangles in Fig. 1). They are
incorporated into an adjusted rational method to model mean annual stream discharge
conditions for the island (Arenas 1983). The rational method predicts streamflow
discharge by integrating precipitation and watershed area by a coefficient (Dingman,
2002). Due to the data limitations and extreme nature of precipitation and stream
discharge in Tobago, a more comprehensive time-series analysis was forgone in lieu of
this adjusted rational method. High stream flow values remain uncertain, and it is
generally assumed that most peak rainfall events contribute entirely to stream discharge
(Arenas 1983).
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Stream discharge coverages were estimated as an annual streamflow per basin
(mm/yr). Mean annual discharge by basin was estimated using a modification of the
rational method approach (Dingman, 2002). Land cover data (Fig. S2) was obtained for
the island (Baban et al. 2009) and the following was assigned streamflow discharge
coefficients: Forest = 10, Agricultural= 30, Urban = 80, Water = 100 (Dingman, 2002).
An island-wide map of percent slope was also calculated using a 25m digital elevation
model. Due to the high abundance of steep slopes on the island and the coarse nature of
the digital elevation model (DEM), a threshold of 60% slope or greater was used to
model a 100% stream discharge rate. Remaining slope values were assigned streamflow
discharge coefficient values based on a 1 – 100 scale (with 60% slope being 100). Final
discharge calculations were made using an assumption that 60% of precipitation falls
during light-moderate intensity rain events during times when PET and soil infiltration
rates are high enough to negate a direct contribution to streamflow. Equation 4 shows this
discharge calculation:

𝑆𝑆𝑆𝑆𝑆𝑆+𝐿𝐿𝐿𝐿

[Equation] 𝑄𝑄 = �

2

� 0.4 ∗ 𝑃𝑃 ∗ 𝐴𝐴 (4)

42

where Q is stream discharge (m3/s), SLP and LC are slope and landcover (both
dimensionless), P is annual precipitation in mm/yr , and A is watershed area (m2). The
remaining 40% of moderate to high intensity rain events directly contribute to potential
streamflow and according to the streamflow coefficient assigned to a raster grid (of the
same dimensions as the DEM (25 m). The final streamflow coefficient for each raster
grid cell is the result of an equally weighted slope and land cover characteristic. The
Courland basin remained an exception in that it has anomalously low measured discharge
values, likely due to the transfer of surface water to the Hillsboro dam. In order to
accommodate this data, a manual value was assigned to the basin to agree with the mean
annual stream discharge measured.

To explore the seasonality of the water budget and to provide a calibration target
for the groundwater flow model, we also estimate watershed-scale dry season discharge,
which should be predominantly groundwater discharge (Boutt et al. 2001). Stream
discharge data from 23 stations (WASA-WRA with records of repeated measurements
across multiple years provided direct values for the watersheds in which they were
located. Stream discharge rates Qw, m3/s for the remaining watersheds are calculated
using a watershed scaling (Eq. 5) to extrapolate the measurements to basins with erratic
data records or to those that were not sampled at all but are in close proximity to
discharge sample locations:

Q (m3/s) = 5.5E-9 (A, m2) + 0.00042

(5)
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Dry season discharge values were the result of known values, watershed area, and manual
fitting of watersheds in close proximity (for example, small basins on the northern coast
were manually assigned values based on bordering watersheds of similar size).

2.4.5 Groundwater Recharge from Water Budget Analysis
To estimate mean annual groundwater recharge, groundwater recharge units
(discrete sub-watershed classifications) were delineated using a 25m digital elevation
model. Recharge for each groundwater recharge unit (GRU) was calculated in ArcGIS
using the water balance approach with the mean annual maps of precipitation,
streamflow, and evapotranspiration (Fig. S3). Individual raster datasets of precipitation
and streamflow at 25 m and evapotranspiration at 95 m were summed over the
groundwater recharge unit area to provide the basis for the calculation. The water balance
approach relates recharge to streamflow, evapotranspiration, and precipitation using the
arithmetic equation:

Potential Recharge = Precipitation - Streamflow – AET

(6)

At individual meteorological stations (Fig. 3) we provide monthly site-specific recharge
estimates using the monthly precipitation and evapotranspiration products with the
corresponding wet or dry season stream discharge estimates for the encompassing basin.
These seasonal recharge estimates are only used to characterize seasonality in recharge
and are not used in the steady state groundwater flow model.
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2.5 Stable Isotopic Composition of Precipitation, Surface water, and Groundwater
Analysis of stable isotopes of water across the island is used to identify water
sources. In March and December 2014 samples were taken from 32 groundwater wells,
36 streams, and 5 springs throughout the island of Tobago. In addition, eight months of
precipitation samples (June 2014 – January 2015) from 11 meteoric stations on the island
were also collected. In the summer of 2015 groundwater samples were taken from 8
newly drill test wells Fig. 3 shows the locations of all water samples.
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Samples were collected in March and December 2014 and were analyzed at the
Stable Isotope Laboratory at the University of Massachusetts. All water samples were
filtered and placed into 2 mL glass auto-sampler vials with a polytetrafluoroethylene
septa. The isotopic composition (2H-H2O, 18O-H2O) of hydrogen and oxygen of the water
molecule of surface water, springs, precipitation and ground water were measured by
wavelength scanned cavity ring-down spectrometry on un-acidified samples by a Picarro
L-1102i WS-CRDS analyzer (Picarro, Sunnyvale, CA). Samples were vaporized at
110ºC. A 5µl Hamilton glass syringe draws 1µl of sample to inject into a heated
vaporizer port (110°C). For each injection, the absorption spectra for each isotope are
determined 20 times and averaged. Between injections, the needle is rinsed with 1Methyl-2-pyrrolidinone and the sample chamber is flushed with dry nitrogen. To further
eliminate memory effect between samples, each sample is injected six times and the
results of the first three injections are discarded. In addition, the lab has adopted a
modified version of the technique of Penna et al. (2012); samples are run in groups in
order of isotopic compositions and/or grouped by water source and location. Three
standards that isotopically bracket the sample values are run alternately with the samples.
Secondary lab reference waters (from Boulder, Colorado; Tallahassee, Florida; Amherst,
Massachusetts) were calibrated with Greenland Ice Sheet Precipitation (GISP), Standard
Light Antarctic Precipitation (SLAP) and Vienna Standard Mean Ocean Water
(VSMOW) from the IAEA. Results are calculated based on a rolling calibration so that
each sample is determined by the three standards run closest in time to that of the sample.
Long-term averages of internal laboratory standard analytical results yield excellent
instrumental precision of 0.51 ‰ for δ2H-H2O and 0.08 ‰ for δ18O-H2O. House waters

46

analyzed from 2012-2017 show no drift or consistent offset in isotopic composition. The
δ18O of each sample is calculated using the equation below, where R is equal to δ18O /
δ16O.

[Equation]

𝛿𝛿 18 𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = �

𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑅𝑅𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

− 1� × 103

(7)

Annual weighted averages of δ18O were calculated for each precipitation station
using the volume of water measured in the rain gauge at the time each sample was
collected (Electronic Supplemental Tables). To estimate the isotopic signature of
precipitation that recharges groundwater at each precipitation station, the volume
weighted averages were weighted again by the amount of precipitation we predicted
would recharge the aquifer monthly – herein referred to as recharge signatures. March
and December 2014 surface water and groundwater samples are binned into dry and wet
season samples to determine whether any seasonal dependence exists on the isotopic
compositions. There was limited documentation of production well characteristics such
as: well depths, screen depths, well logs. All available data is included in Table ESM2.
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2.6 Production Well Contributing Areas Using a Hydrologic Balance Approach:
The analysis to estimate the contributing areas to groundwater pumping is
executed using two different approaches. The homogeneous approach compared the 2013
average annual groundwater production rates for the island wells in a given GRU to
annual groundwater recharge estimates to that GRU. We used average annual pumping
rates from 2013 in this analysis instead of long term averages because groundwater
pumping in Tobago is expected to increase dramatically in the future, and 2013
production rates are not only the most recent and reliable data that we have, but are also
historically the highest rates of production on the island. If groundwater production is
greater than the recharge to the GRU in which it is located, it is assumed that
groundwater is being sourced from a larger contributing area. In this case, the annual
production of a well is distributed to the nearest topographically higher GRU(s) annual
recharge, until the wells, annual production rate has been matched by the accumulated
annual recharge of the GRUs. This method assumes that all water captured by
groundwater wells is captured within topographic surface water divides.

We performed an additional and separate hydrologic balance, which considers the
possibility of faults influencing the direction of groundwater flow in crystalline rock
aquifer systems. We overlaid GIS shapefiles of faults produced by Snoke et al. 2001 (Fig.
2), onto the GRU recharge coverage. We estimated the contributing area to groundwater
pumping in a well field intersected by a structure; the same methodology as mentioned
above was used, except along GRUs intersecting these structures.
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If a well field’s production rate exceeded that of its local GRU’s annual recharge, its
contributing area was extended up gradient along the main axis of the feature, identifying
which surrounding GRUs which intersect it were identified. The calculation continued
until the number of GRUs necessary to meet the recharge needs of the production wells
were achieved.

In those cases where it appeared that multiple well fields were accessing the same GRU,
we divided the GRUs by the number of well fields and make up for the difference by
selecting additional GRUs to satisfy the deficit. This process was repeated for all well
fields and a map depicting the contributing GRUs to production wells was generated.

2.7 Steady-State Groundwater Flow Model
A 3-dimensional steady state groundwater flow model for the Island of
Tobago was developed using the Newton formulation (NWT) of MODFLOW-2005
(Niswonger et al. 2011) with the upstream weighting package and the layer property flow
package for flow calculations. The model is designed to simulate mean annual conditions
and to (1) estimate the contributing areas of the production wells and (2) assess the water
budget of the groundwater system. The model was constructed using a 200 by 200m
horizontal grid with a 6-layer vertical grid with variable thickness in the vertical
dimensions for a total of ~1.8 x 105 active cells. A twenty-five-meter resolution DEM
was converted to a Triangular Irregular Networks (TIN) elevation coverage in
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Groundwater Modeling System (GMS) and interpolated into a MODFLOW finitedifference grid. The height or Z value for each cell was based on topographical data,
which was interpolated based on the mean elevation for each grid cell, creating a
representative 3D grid. The spatial dimensions of the model were chosen to allow
appropriate representation of the model topography, at scales applicable to represent
hydrogeologic features and flow paths and allow for mass-balance in the solution to be
achieved. Vertical resolution was chosen to allow adequate definition of vertical
components of flow paths and representation of surficial geologic deposits. Water enters
the model domain through recharge and leaves either though stream discharge, pumping
wells, or submarine groundwater discharge. Mean annual recharge to the model is applied
using the island-scale water budget analysis (from the above described methods) with the
MODFLOW Recharge (RCH) package to the upper most active model cell. Recharge to
the model was directly incorporated from the hydrological budget calculations above and
only adjusted to match total island recharge based on small differences in total island
surface area caused by discretization. Recharge was not adjusted spatially in the model,
therefore any uncertainty or bias in recharge values is transferred to the hydraulic
conductivity values, which were the only calibration parameters. Specified head cells are
set to sea-level (0 meters) on the coast. We choose to represent the seaward model
boundary as a vertical interface of constant head. This approach does not account for
physics of freshwater/saltwater interactions but does allow fresh groundwater to exit the
model at that boundary to simulate possible sub-marine groundwater discharge. Streams
were simulated with the MODFLOW Stream (STR) package with a simplified river
network to capture the largest of drainages (i.e. some small coastal streams and drains
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were omitted). Pumping wells and their screen locations and average annual production
rates were modeled using the MODFLOW Well (WEL) package. Locations where
hydraulic head observations and stream discharge are available are imported with
MODFLOW Observations (OBS) package for model calibration and validation. The
mean and standard deviation of hydraulic heads from observation wells were calculated
over time periods ranging from 5 to 12 years. The observation data was divided into
training and testing data sets using a fifty-fifty split. Initial hydraulic conductivities were
assigned based on the surficial and bedrock geologic map (Fig. 4) through the correlation
of aquifer testing data and adjusted in the calibration process. We analyzed available
constant rate pumping tests to extract hydraulic information about the geologic
formations the wells penetrate. Since the majority of the bedrock wells are targeted along
significant geologic structures such as fractures, the estimates of hydraulic properties are
considered estimates of the hydraulic properties of these structures in particular and not
those of the background fracture network. The performance of the steady state model was
evaluated by comparing observed and simulated hydraulic heads and simulated stream
baseflow discharge to estimated dry season discharge values. Satisfactory models
balanced the geographic distribution of residuals in hydraulic heads with small errors in
simulated and observed values. Final model selection achieved the smallest compound
residual error factoring in the hydraulic heads and discharge values.
Based on specific capacity analysis the average transmissivity for the
Tobago bedrock wells is 6.19x102 m2/day (7.16x10-3m2/sec); the average hydraulic
conductivity (K) is 9.9 m/day (1.14x10-4 m/sec). Values of hydraulic conductivity ranged
from 70 m/day in basaltic andesite to 0.03 m/day in the North Coast Schist. The average
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transmissivity for the Tobago overburden wells is 1.66x102 m2/day (2.92x10-3m2/sec),
the average K is 32.8 m/day (3.8x10-4m/sec). In general, the bedrock wells are more
transmissive than the overburden wells but when normalized for the equivalent aquifer
thickness (b) the hydraulic conductivity of the overburden wells is larger than the
bedrock by a factor of 3 (approximately 10 m/day compared to 33 m/day). The
qualitative results of the hydrogeological performance of the island’s aquifers suggested
that the sand and gravel aquifers have high local hydraulic conductivity, but the limited
thicknesses (and spatial extent) cannot provide the transmissivity needed for an island
wide water supply. The reported hydraulic conductivities are very high for most of the
bedrock formations and indicate prolific aquifers. The hydraulic conductivity results for
the bedrock wells indicate that the Tobago volcanic series (the basaltic andesite and
undifferentiated units) have the highest hydraulic conductivities. The bedrock wells
penetrating the North Coast Schist have the lowest hydraulic conductivities, and the wells
located in the lowlands (the Booby Point formation) have some of the lowest hydraulic
conductivities. These wells are screened within fine grain confining units and would
likely have high storage but low transmissivity.
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Depending on the thickness of surficial deposits, numerical model layers 1-3
encompasses the surficial geologic units and shallow bedrock in areas outside of the
surficial deposits. The rest of the model layers (4-6) are assigned the bedrock hydraulic
conductivity and are homogeneous with depth. Bottom of model domain is set to be flat
at 300 m below sea level, with average cell thickness of 50 m. The modeled
hydrogeologic units and hydraulic properties were not adjusted at scales below the major
mapped litho-stratigraphic units. Lineaments and their assigned hydraulic conductivities
were applied to the model at the 200x200 m cell scale and treated as isotropic at the cell
scale. Contributing areas to the production wells were determined by reverse particle
tracking using MODPATH and then manually digitizing a polygon around the resulting
generated path lines. Care is taken to capture the simulated path lines with a polygon that
represents more than one simulated particle path.

2.8. Results
2.8.1 Island Scale Water Balance and Groundwater Recharge Estimates We
present the first rigorous analysis of the island of Tobago’s hydrological budget (Table
1,Fig. 5) The annual average precipitation across Tobago is estimated to be 1,889 mm/yr.
(Fig. 5a). Due to the orographic effect on precipitation, the highest rates of mean annual
precipitation correspond with the highest elevations in the central and northeastern
regions of the island. Annual rates of rainfall in these regions range from 2,000 mm/year
to 2,600 mm/year.
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The lowest rates of annual rainfall occur in the lowlands of the southwest region
of Tobago, and in the northern region that is affected by the rain shadow. Annual rates of
rainfall in these regions ranged from 960 mm/year to 1,800 mm/year. Annual AET on
Tobago is approximately 1243 mm/yr., and accounts for 66% of losses from annual
precipitation. The spatial distribution of actual evapotranspiration is not highly variable
over the island but does vary from a low value of 1100 mm/yr. in the drier southwest to
1320 mm/yr. in the wetter northeast (Fig. 5b). The monthly distribution of precipitation
and evapotranspiration has implications for the timing of streamflow and groundwater
recharge on the island. The highest PET values coincide with the lowest precipitation
values in April and May; during those periods AET is 40% of PET (Fig. S4). During the
highest rainfall month (November), PET is only moderate, leaving excess precipitation
for stream discharge and recharge. This seasonal fluctuation in PET and rainfall reflects
the temporal availability of water on the island.

The total island scale stream discharge rate for Tobago is estimated to be 256
mm/yr. To test the validity of the stream discharge model, we compare our estimates to
historical annual average discharge measurements provided by The Trinidad and Tobago
Water and Sewage Authority, Water Resource Authority at three major rivers throughout
the island Bloody Bay (Measured 0.22 m3/s, calculated 0.22 m3/s), Louis D’or
(Measured 0.20 m3/s, Calculated 0.21 m3/s), and Richmond (Measured 0.29 m3/s,
Calculated 0.30 m3/s (Fig. S5).
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The island-scale water budget analysis estimated approximately 390 mm/yr. (0.117 km3
– annually) of water enters the ground as recharge on the island. Recharge is strongly
seasonal and dependent on evapotranspiration (Fig. S6). Almost all groundwater recharge
occurs during a 7-month span from June through December, with maximum values
across the island for most sites occurring during October and November. The largest rates
of groundwater recharge occur in the highlands in central and northern Tobago, which is
also where the highest rates of precipitation occur.

Values used for each component of this analysis represent the mean values and are not
intended to represent conditions of extreme drought or heavy precipitation. Human
withdrawals of water from surface and ground reservoirs are not accounted for in this
budget and can have a large influence on stream discharge values used in this model.

2.8.2 Contributing Area to Production Well: Hydrologic Balance Approach
Table 2 presents the total well production and GRU recharge rates in cubic meters
per year (m3/year). Using the recharge estimates, 11 out of the 14 well fields evaluated
are recharged from areas beyond the local GRU. The Charlottesville (CHR1P and
CHR2P), Englishman’s Bay (EBY1P), and Mount Irvine Bay (IRV1P) well fields are low
producers and are currently withdrawing less water than is available for recharge within
the local GRU.
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In contrast, the Bacolet (BAC1P, BAC3P, and BAC5P), Arnos Vale (AVL1P, AVL2P),
Craighall (CRG1P), and Government Farms (GOV6P) well field pump in excess of 500%
of the local GRU recharge. These wells must be located in watersheds with large upgradient contributing areas or are located along major structures that enable groundwater
flow on a regional scale.

Fig. 5. Hydrological budget of Tobago (a) precipitation (b) evapotranspiration (c) streamflow
(d) recharge. Groundwater budget calculation (Precipitation-Evapotranspiration- Streamflow =
Change in storage (Recharge).
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If we perform the water balance calculations considering the additional contribution of
water from up-topographic gradient GRUs, the results indicate that almost all of the well
fields in current production are pumping less water than the available recharge within
their topographic watershed. The two major exceptions to this are the wells that reside in
the watersheds of Arnos Vale (AVL1P, AVL2P) and Campbelton (CAM1P). The Arnos
Vale (AVL1P, AVL2P) well field must be capturing water that crosses topographic
divides and/or is located along a regional groundwater flow path (see red boxes on Fig 6,
7, and 9). The Adelphi (APH1P), Sandy River (SYR1P), and Bacolet (BAC1P, BAC3P,
BAC5P) well fields, all located in the same watershed were also pumping at 143% of the
recharge available within the topographic boundaries alone. Government Farms
(GOV6P) and Campbelton (CAM1P) wells capture around 80% of the available recharge
in the watershed. The watersheds where Craighall (CRG1P), Mount Irvine Bay (IRV1P),
Belmont (BEL1P), Kings Bay (KBY1P), Charlottesville (CHR1P, CHR2P), and Bloody
Bay (BB1P, BB2P are located have the most recharge available that is not being
captured. In the analyses presented above we made the conservative assumption that all
water captured by existing well fields is delivered to the well from the area within
topographic surface water divides. However, the sustained yields of certain well fields
such as Arnos Vale (AVL1P, AVL2P) and Bacolet (BAC1P, BAC3P, BAC5P), are both
producing tremendous amounts water relative to the size of the local topographic
drainage, clearly indicated a source of additional recharge beyond what is available
within local and upstream topographic basins (GRUs). In these situations, a mechanism
must be invoked that allows groundwater to flow across topographic divides.
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Fig. 6 illustrates the correlation between highly productive pumping well subbasins and the inter-connectivity of lineaments on the island. This suggests that there are
preferential flow structures within the bedrock. The effect of the structures on the
hydrological routing of recharge was significant and shapes of the capture zones are
controlled by the structural elements and the topography of the basins. This map
represents a potential capture zone geometry of the well fields in a structurally controlled
aquifer system. In the large east-west trending structures in the southern part of the island
there is the possibility that well fields tap and capture water from up-gradient GRUs.

Fig. 6. Map illustrating the relationship between Ground Water Units (GRU’s) subtracted
from groundwater extraction contributions in percentages.
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2.8.3 Stable Isotope Results
The water isotopic signatures of precipitation samples have a wide distribution,
with δ18O-H2O values ranging from -6‰ to 2‰ and δ2H-H2O ranging from -35‰ to
10‰. (Fig. S7, Table ESM1). The recharge isotope signature for every precipitation
station is more depleted than the annual weighted average. This is the case because the
wet season precipitation is more isotopically depleted in the heavy isotopes than the dry
season rainfall. Seven out of the eleven precipitation stations have recharge isotope
signatures in a defined cluster with δ18O-H2O ranging from -3.25‰ to -2.5‰ and δ2HH2O ranging from -14‰ to -8‰. Wet and dry season groundwater samples also plot
within the same cluster. There are four precipitation stations that fall outside of the
general cluster that have no geographical characteristics in common besides low
elevation. The absence of precipitation data from February to May does not affect
possible recharge isotope signatures, as the water budget analysis predicts that there is
nearly zero recharge on the island from February to May. The isotopic signature at each
precipitation station follows a distinct pattern over time, with δ18O-H2O levels becoming
more depleted during the wet season, and then enriching during the dry season.
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Stable isotope signatures of dry and wet season surface waters differ considerably from
one another (Fig 7a). Wet season surface waters plot similar to the groundwater
signature, with δ18O ranging between -3.5‰ and -2.5‰, and δ2H-H2O values range
from -14‰ to -8‰. Dry season surface waters are enriched with heavier isotopes, with
δ18O-H2O ranging between -3.5‰ and -1.5‰, and δ2H-H2O values ranging from -13‰
to -2‰. The pattern of enriched isotopes in the dry season and depleted isotopes in the
wet season is observed in both precipitation and surface waters unlike the ground waters
(Fig. 5a, b).The wet and dry season groundwater stable isotope signatures are similar to
each other and have a distinct signature compared to the broad distribution of seasonal
precipitation stable isotopes (Fig. 7b). The δ18O-H2O values for dry and wet season
groundwater range between -3.5‰ and -2.5‰, and δ2H-H2O values range from -14‰ to
-8‰.
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Fig.7. 2014 Groundwater (a) and surface water (b) stable isotope sample results
(δD vs δ18O ‰). The distinction between wet and dry seasons is made only
based on the time of year the sample was collected

Table 1: Annual water balance (mm/yr.) for the Island of Tobago determined from geospatial analyses.

Water budget component

Total

Dry season

Precipitation

(mm/year)

(mm/year)

Precipitation

1,889

Actual evapotranspiration

1,243

Stream discharge

256

Recharge

390

60

61

Wet season (mm/year)

196

Table 2 Annual well production for major well fields compared to GRU recharge estimates.

Common Well
Name

Well ID

GRU #

GRU

GRU

2013 Annual

Area

Recharge

Production

(km2)

(m³/yr.)

(m³/yr.)

Production/GRU
Recharge (-)

APH1P

243

1.23

2.3E+05

3.3E+05

143%

#2

AVL1P

158

0.76

1.4E+05

1.1E+06

757%

Bacolet #5

BAC5P

91

0.86

1.3E+05

1.1E+06

855%

Bacolet #3

BAC3P

93

1.17

1.9E+05

9.6E+05

509%

Belmont #1

BEL1P

79

1.11

2.1E+05

4.6E+05

218%

BB1P

122

0.47

9.3E+04

3.4E+05

361%

Campbelton #1

CAM1P

108

1.06

1.6E+05

1.3E+05

86%

Carnbee #1

CAR1P

105

1.24

4.0E+05

8.8E+05

217%

#1, #2

CHR1P

107

0.92

7.9E+04

49%

Craighall #1

CRG1P

207

0.98

1.2E+05

6.6E+05

542%

DIA1P

102

1.31

4.9E+05

9.6E+05

196%

EBY1P

144

1.17

2.7E+05

1.3E+05

48%

GOV6P

249

0.86

1.1E+05

8.4E+05

774%

Adelphi #1
Arnos Vale #1,

Bloody Bay #1,
#2, #3

Charlotteville

1.6E+05

Diamond
Estate #1, #2
Englishman's
Bay #1
Government
Farms #6
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KBY1P

13

0.86

2.5E+05

4.1E+04

17%

Bay #1

IRV1P

253

1.38

3.7E+05

5.8E+04

16%

Sandy River #1

SYR1P

87

1.03

1.3E+05

3.6E+05

287%

Kings Bay #1
Mount Irvine

2.8.4 Steady State Model Capture Zones and Water Budget.
We present steady-state simulations of groundwater flow on the island of Tobago
under pumping conditions from the current installed borehole capacity. Initial
homogeneous-isotropic simulations poorly matched observed hydraulic heads and dryseason stream discharge measurements. Fifteen different models were generated using
hydraulic properties for map-scale geologic units and major structures and lineaments to
find a suitable match (within 10% root-mean squared error) between hydraulic head
measurements and dry-season stream discharge measurements.
Water Budget
Components

Flow In
(m3/day)

Flow Out
(m3/day)

% of Flow
In (-)

% of Flow
Out (-)

Ocean

0

2.53E+05

0%

64%

Production Wells

0

4.03E+04

0%

10%

Recharge

3.70E+05

0

94%

0%

Stream Leakage

2.30E+04

1.00E+05

6%

25%

Total

3.93E+05

3.93E+05

-

-

Table 3 Model derived groundwater steady-state budget for the island of Tobago.
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All models presented conserve mass within 0.01% of the total mass flux. The
hydraulic conductivity distribution of the model with the lowest residual errors between
simulated and observed heads and discharge values is presented in Fig.8. Hydraulic
conductivities vary from 0.01 (low permeability to 80 m/day (small sand and gravel
aquifers) and were consistent with large-scale aquifer test results from the few datasets
available. Specifically, the simulated hydraulic conductivity of the faults and lineaments
in the model is consistent with hydraulic conductivities estimated from aquifer test results
from wells targeting those structures. Simulated hydraulic heads for this model are shown
in Fig. 7 and range from ~414 m asl to sea level. A comparison of observed hydraulic
heads to simulated heads is presented in Fig. 8. The root-mean squared error for the mean
observation wells is 8.27 m for all head observations (4.4 m for head measurements
withheld during calibration process) across the range of heads from 1 to 140 m asl. From
the hydrologic analysis, the dry season stream discharge (assumed to be representative of
groundwater discharge (baseflow) across all seasons i.e. Boutt et al. (2001) is estimated
to be 1.33 m3/s (Table 1) and the best-fit model generates 1.16 m3/s of groundwater
discharge to streams (~86% of observed). The groundwater budget for this simulation in
Table 3
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shows the steady state fluxes in and out of the island. Recharge dominates the water
inputs to the island (94%) with a minor (~6%) amount of induced stream leakage into the
system. Groundwater flow to the ocean as sub-marine groundwater discharge dominates
the outflow (64%), followed by stream baseflow (25%), and groundwater extraction from
production wells (11%). The induced stream leakage is likely impacted by groundwater
withdrawal and is confined to a small area of the southwest portion of the island. The
magnitude of groundwater discharge to the coast is a very large portion of the budget and
may be elevated slightly due to the lack of the incorporation of small coastal stream
systems in the model. However, given that the model comes close to matching the
observed discharge of the major stream systems this effect is assumed to be minimal. The
location of ground discharge to the coast is localized along the more permeable
lineaments and through the hydraulically conductive sand and gravel deposits.
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While a relationship between the water table elevation and topography is present
(Fig. 9), the highest hydraulic heads are not coincident with the highest topography on the
island. Large stream systems (and their topographic influence) have a strong control on
the patterns of the hydraulic heads. Four distinct groundwater mounds develop due to the
combination of the recharge, lineament distribution, and topography that create distinct
flow systems. The high groundwater mounds lie to the south (and off the axis) of the
major watershed divides. The large lineament in the center of the island has significantly
lower hydraulic conductivity than the rest of the units because it happens to intersect an
area of high recharge and in models when the hydraulic conductivity of this lineament
was of larger magnitude all of the water drained vertically downwards rather than
distributing radially across the island. The position of this lineament relative to the zone
of high recharge makes it a key determinant of how groundwater flows and how much of
it flows to the rest of the island. The modeled capture zones (Fig. 11) for the island’s
production wells are strongly influenced by both the presence of these lineaments and the
locations of the groundwater mounds.
The size of the capture zones is influenced by well production rates and the
hydraulic conductivity distribution in the vicinity of the well. Consistent with the
interpretation from Fig. 6(Contributing Areas) the contributing zones to wells often
extend beyond the local groundwater recharge unit and in some cases outside of the
major island sub-catchment (see red boxes on Figure 8, 9, and 11). Because a single
realization is used to generate path lines (and resulting capture zone interpretations) the
exact position of the contributing areas is subject to uncertainty. The capture zones
should not be interpreted as exact contributing areas of groundwater to production wells

66

but reflect a general representation of possible contributing areas. Different realizations
of hydraulic conductivity distributions will result in different spatial distributions of
contributing areas. For example, the modification of hydraulic conductivity of the biotitetonalite geologic unit (Fig S8) has a large impact on the distribution of path lines and
determination of the contributing area (Uppermost red box on Figure 9). Figure 12 is a
modified version of Snoke et al. 2001 geological map of Tobago’s cross section line BB’. This figure represents a vertical dimension of this aquifer system. The area
highlighted (upper red box) figure that is represents the connectivity between faults and
fractures that allow groundwater to cross topographical boundaries which creates
Interbasin flow.
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Fig. 8. Hydraulic conductivity distribution for the island-scale hydrogeologic model
(m/day) for layers 1 and 3. The red rectangles are used to highlight which regions
have the potential for interbasin flow
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2.9 Discussion
2.9.1 Water Budget, Uncertainty, and Limitations
Our water budget for the island is based on a robust collection of precipitation data
collected over the years 1976-2006. While we focus here on average hydro-climate
conditions, inter-annual variability is present in the dataset and not incorporated into our
assessments. Year to year precipitation variability is controlled by wet season
precipitation and the length of the dry season resulting in one-standard deviation of
approximately 400 mm/yr. Because groundwater recharge occurs predominantly in the
wet season, large variations in wet season precipitation are likely going to lead to changes
in net groundwater recharge. Spatially, the largest amount of uncertainty in the water
budget comes from the high elevation locations on the island. It is assumed that
extremely high rainfall rates occur at high elevations on the island during rainstorm
events in the wet season, although incorporating these events into a multi-year
precipitation map is unrealistic given our available data. A significant portion of
precipitation in the 30-year isohyetal map (Fig. 6) is allocated to these higher elevation
regions, despite our lack of empirical data. As a result, the 30-year isohyetal map predicts
a high spatial intensity of rainfall in an area with high uncertainty. The likelihood of these
extreme higher intensity events influencing recharge is low and the unrecorded high
intensity precipitation as the events at high elevations are accompanied by equally
proportionally large unrecorded high intensity peaks in stream discharge.
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Fig 9. Simulated water-table ele- vation for the steady-state groundwater flow model representing mean
annual condi- tions. The red rectangles are used to highlight which regions have the potential for interbasin
flow.
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Estimating streamflow discharge in the vegetated, high-gradient catchments of the island
is challenging. The Trinidad and Tobago Water and Sewage Authority,Water Resource
Authority collects dry season discharge measurements, which are used in this study, but
wet season discharge remains relatively unconstrained. Our approach here is to use high
streamflow coefficients during the wet season, which has the impact of minimizing net
groundwater recharge estimates. Because some fraction of dry season discharge is
baseflow, we also minimize the estimates of groundwater recharge by having more net
discharge during dry season precipitation. Together these decisions provide groundwater
recharge estimates that should be considered on the low side of possible scenarios.

Fig 10. Groundwater observed vs simulated heads (m) from the steady
groundwater flowmodel. Error bars represent the range ofobservedwater
levels over the course of the monitoring period.
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2.9.2 Defining Contributing Areas in Structurally Complex Aquifers
In homogenous isotropic unconsolidated aquifer systems, groundwater flow is
dictated by climate/topography and groundwater withdrawals are usually sourced from
within the topographic watershed boundaries (Haitjema 1995; Haitjema and MitchellBruker 2005; Gleeson et al. 2011). In crystalline bedrock aquifer systems that are highly
faulted such as (Caine and Tomusiak 2003; Seaton and Burbey, 2005; Kim et al., 2014)
and in Tobago, the tilted volcanic layers and layer bound fractures and faults create
preferential groundwater flow paths. These faults allow for groundwater to flow from one
topographic watershed to another, and transport large volumes of water from the
highlands to the coast. Predicting contributing areas to groundwater wells in fractured
rock aquifers is one of the most challenging aspects in fractured rock hydrogeology
(Lyford et al. 2003Hsieh and Shapiro, 1996; Mabee et al. 1994; Seaton and Burbey
2005).
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We present two different approaches to estimating the contributing areas of groundwater
pumping in a structurally complex island-aquifer system ranging from simple to complex.
The simple basin models take a water balance approach with no regard to the
heterogeneous distribution of hydraulic properties. Potential preferential flow is included
in an additional analysis and calculation (though still simplistic) in Fig. 4. Capture zones
defined via a process-based groundwater flow model is the most sophisticated approach
presented here (Fig. 11) but still in some ways limited by the equivalent porous media
approach used in the model. Our approach here shows a range of results that are the most
robust given the scale of interest and data available. While our interest here is more
focused on water supply sustainability, there are some drawbacks to this approach. Major
assumptions regarding the scale and the nature of the structural features (i.e. which
features are hydraulically important) is a key point. Additionally, the scale and resolution
of the model presented here proposes issues with adequately resolving small-scale
capture zones from pumping wells. For example, zones in the northeast of the island have
small capture zones that cover less than numerical grid cells, therefore the exact size and
orientation is subject to high uncertainty.
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Similarly, steady state assumptions of hydrologic closure tend to maximize the size of the
capture zones, as storage (under transient conditions) would result in more water being
available closer to the extraction point. Analysis of water level data in bedrock pumping
wells indicate seasonal changes in levels (suggesting water drawn from storage on an
annual basis) but show no statistically significant declines in hydraulic head in 15+ years
of records. These approaches are not likely to be as valid for issues dealing with
contaminant transport, where more precise information regarding flow paths are needed.
Nevertheless, the incorporation of fractured rock permeability and structures in our
approach here provide a way to conceptualize the flow system. Additionally, it is
important to define the contributing areas of terrestrial groundwater recharge to streams
and submarine groundwater discharge for water supply managers to address questions
regarding impacts of subsurface water withdrawals on sustainability of the aquifer
system. Regardless, the process-based groundwater flow models incorporate all of the
available hydrologic and hydrogeologic data and represent a robust approach to
determine aquifer processes and sustainability.
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Fig.11. Simulated production well capture zones for the steady state groundwater flow model.
Delineated capture zones are a strong function of the hydraulic conductivity distribution
within the model and represent approximate zones of contribution under steady state pumping
conditions.
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Fig. 12. Geologic cross-section along B-B’ line (Figure 2) showing numerical model domain
and simulated hydraulic heads. Schematized flow lines show the relationship between
structures, topography, and groundwater flow
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2.9.3 Water Isotope Systematics
The results from our water budget suggest that groundwater recharge occurs in the
wet season from June to December, with the majority of recharge occurring from
September to December. Our analysis of stable isotopes shows a temporal control on
groundwater isotope signatures, supporting wet season recharge. This is evidenced by the
wet-season precipitation and surface water bias in the groundwater isotopic compositions.
The time series of δ18O in precipitation shows that δ18O decreases as the wet season
approaches and begins to resemble the signature of groundwater. Groundwater isotope
signatures are very similar in both wet and dry seasons. This suggests that the aquifer
system has flow paths with residence times longer than 5 years (Kirchner 2016) and has
large storage (because longer transit times allows mixing and equilibration of the
seasonal precipitation isotopic signal). The majority of recharge signatures for
precipitation stations (which were calculated using our estimates of monthly recharge)
plot within the same range as groundwater signatures. There are four precipitation
stations that have a more depleted signature than groundwater. The only similarities of
these wells are that they are all located at lower elevations and are closer to the coast. Dry
season surface water and dry season precipitation show a more enriched signature,
originating from a different moisture source, which is not reflected in groundwater.
Surface water evaporative enrichment is not a likely explanation as the waters fall close
to the meteoric water line. The culmination of these geochemical analyses supports that
recharge occurs in the wet season; a finding also predicted by our water budget.
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2.9.4 Implications for Groundwater Sustainability

The monthly distribution of precipitation and potential evapotranspiration has
implications for recharge and the timing of available water on the islands. The highest
PET values coincide with the lowest precipitation values in April and May; during those
periods AET is 40% of PET. During the highest rainfall month (November), PET is only
moderate, leaving excess precipitation for streamflow and recharge. This seasonal
fluctuation in PET and rainfall reflects the temporal availability of water on the island. As
PET declines in the later months due to cooler temperatures, a greater amount of
incoming precipitation is available to generate streamflow, as is reflected in the discharge
peaks measured at Tobago’s four river flow measurement stations (Fig. S5) in November.
Our hydrological analysis suggests that on average 21% of the incoming precipitation
becomes groundwater recharge, primarily during the wet season. We estimate that
existing production wells produce 11% of this water, or ~2.5% of the precipitation input.
Groundwater flow path re-construction suggests that a large percentage of this
groundwater’s ultimate fate is in submarine groundwater discharge, with the rest being
captured from baseflow in the island’s stream network. There are some areas, such as the
Courland river basin, where production wells have a larger impact on streamflow.
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This study has established the important framework for the water budget on the
island that allows water suppliers to make informed decisions regarding water usage and
allocation. There is still uncertainty regarding the distribution of groundwater paths in
bedrock, and physical process by which water infiltrates through the thick saprolite soils
on the island. Future effort to utilize environmental tracers to conceptualize transit times
in the island’s fractured rock aquifer system will help confirm or refute the results of this
study and reduce conceptualization-based uncertainty in the aquifer flow system.
Together these data help form the basis by which the island can sustainably develop and
maintain its water supply.

79

2.10 Conclusion

A hydrogeological study of groundwater recharge of the island of Tobago was
conducted to provide a process-based understanding of the hydrologic and hydrogeologic
conditions on the island. The groundwater storage on the island is almost entirely
recharged during the wet season (May to November), amounting for 20% of total
precipitation. The hydrological water budget analysis revealed that 11 out of 14 wells
were producing more than their local groundwater recharge areas are capable of
supplying, implying that substantial inter-basin flow within the island is occurring, as a
result of the structural control on the hydraulic conductivity of the aquifer. Tobago’s
fractured rock groundwater aquifer system transports water from mountainous high
elevation regions to the low elevation regions enabling fresh groundwater to be pumped
below sea level from wells <1 km from the coast. The groundwater isotopic signatures do
not vary seasonally, and show similar isotopic composition suggesting an interconnected
fractured bedrock aquifer. Simulations of mean annual conditions, with a steady state
groundwater flow model predict that not all groundwater recharge contributes to dry
season streamflow discharge. Consequently, submarine groundwater discharge accounts
for a significant amount of the hydrologic budget. The model predicts that only 11% of
recharge is currently utilized for groundwater extraction, and about 60% of recharge
contributes to submarine groundwater discharge.
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The results of this research revealed critical factors that affect the storage and capture of
this aquifer’s groundwater. It also distinguishes the highly productive regions which are
favorable areas for future production well locations. The steady state model presents a
solid mean annual estimate of the contributing areas where production wells are located,
as well as a water budget for this aquifer system. However, it can be improved by:
applying transience to the steady state model using the results of climate model
projections of temperature and precipitation, the addition of lineament layers to further
observe its effect on the large scale fractures that are already in the model, finally, the
analysis of geochemical and environmental data should be incorporated in to reveal
which regions of the island exhibits groundwater mixing.
Prior to this study, little was known about the recharge conditions or the
magnitude of groundwater storage in the fractured bedrock aquifer of the island. The
results of the study help define the amount and possible locations of water captured by
currently installed groundwater wells on the island. The definition of the groundwater
recharge zones has enabled the water authority to make decisions on future well
placement and management. Given significant uncertainty in the modeled capture zones,
effort should be placed in improving the understanding of the role of large-scale
structures on the hydraulic conductivity distribution. Additional installation of monitoring
wells outside of pumping regions would enable more refined hydraulic conductivity
distributions in the model calibration process. Finally, the identification of significant
submarine groundwater discharge in the subsurface water budget could be used as a way
to guide future groundwater exploration. Currently, the installed well capacity on the
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island appears to be capturing mostly fresh water that is flowing out to sea through a
subsurface flow path.

Suplimentry Materials
Table S1: Mean monthly precipitation (mm/month) for rain gage locations. (Recorded by WRA from 1974
– 2006)
MET_ID

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

AMH

58

39

30

51

72

158

158

162

172

183

219

155

BAC
BOT
CPA
DAM
DIA
IRV
KBE
KPB
LAF
LOW
MHS
MOR
PRL
RNM
RTP
SPY

58

51

36

54

83

200

212

194

194

231

220

175

63

52

41

45

80

167

183

168

150

186

216

146

63

39

36

37

63

170

165

161

130

165

230

129

127

59

62

85

139

246

238

242

215

274

307

259

61

38

37

50

86

199

168

176

151

194

221

151

55

48

34

55

93

185

182

176

158

196

202

178

99

56

63

57

97

188

214

169

195

260

286

178

69

46

40

46

93

156

255

136

182

232

155

111

61

15

16

32

64

119

99

116

143

152

198

136

109

55

58

51

95

177

190

160

171

176

248

166

55
53
33
92

94
92

30
43

16
61

58
59

24
27

33
52

55
68

40
46

37
63

67
84

67
57
48
88

90

115

129
147

130
175

103

118

212

225

185
215

82

208
222

124
173

193
218

190
191

121
172

130
246

201
223

130
196

166
232

274
233

140
211

159
216

239
265

89

137

147
218

207
198

Table S2: Values used to calibrate monthly precipitation models.
C
R2

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Annual

0

20

14

28

4

102

108

103

91

138

152

93

57

20

7

7

7

20

20

20

20

20

20

20

20

20

0.93

A

0.73

0.87

0.88

0.84

0.82

0.95

0.95

0.92

0.85

0.91

0.88

.96

Table S3 Discharge measurement locations provided by WRA in August 2014.
Station Name

Discharge (m3/s)

Station Name

Discharge (m3/s)

Argyle

0.057

Green Hill #2

0.027

Bloody Bay

0.147

Castara Upper Intake

0.004

Bacolet

0.014

Parlatuvier East

0.021

Courland Nutmeg Grove

0.045

Green Hill #1

0

Hillsborough West

0.064

Little Englishman

0.016

Doctor River

0.012

Green Hill #4

0.005

Invarene

0.034

Merchester and Frenchman Confluence

0.008

Richmond

0.149

Lambeau

0.005

Pembroke/Cardiff

0.009

Louis D’or

0.106

Campbelton Intake Right Branch

Campbelton River

0.004

Parlatuvier West

Roxborough

0.026

Top River Spring

Goldsborough

Castara Lower

Courland Confluence

Courland Upstream Plant

0.169
0.012

0.048
0.161

Green Hill #3

Hillsborough DS Weir
Steltin

0.005

0.032
0
0

0.013

0.001

Englishman

0.02

Campbelton Intake Downstream weir

0.005

Hermitage

0.009

Charlotteville Spring

0.001

King’s Bay

0.008

King Peter’s Bay

0.001

Green Hill #5?
Hope

0.033

0.006

Campbelton Intake Left Branch
Darrell Spring

Pembroke

0.014

Merchister

Craig Hall

0.024

King’s Bay Upstream Intake

Campbelton Spring

0.003

Crookes River
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0.001
0.006
0.008
0.005

0.02

Station Name

Discharge (m3/s)

Station Name

Discharge (m3/s)

Frenchman

0.009

Lucy Vale

0.009

Top River Parlatuvier

0.011

Fig. S1 Log relationship between elevation and average precipitation values for selected rain gage
locations.
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Fig. S2 Land cover types used for stream discharge model . (Forest = 10, AG= 30, Urban = 80, Water =
100)
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Fig. S3: Map of ETI groundwater recharge units (GRUs)

Fig. S1. Precipitation (mm) times series veries time for watersheds
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Fig. S2 Graph of monthly mean discharge for the Courland, Louis D’or, Richmond, Hillsborough, and
Bloody Bay Watersheds.
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Fig. S3 Graph of monthly mean discharge for the Courland, Louis D’or, Richmond, Hillsborough, and
Bloody Bay Watersheds.
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Fig. S6 Time series of Precipitation Isotope Samples
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CHAPTER 3
USE OF ENVIRONMENTAL TRACERS (TRITIUM 3H AND SF6 TO IMPROVE
KNOWLEDGE OF AQUIFER STORAGE CAPASITY, RESIDENCE TIME AND
SUSTAINABLITY IN THE CRYSTALLINE ROCK ISLAND AQUIFER OF
TOBAGO, WEST INDIES.

Abstract
Understanding the residence time, flow velocities, and storage volumes in fractured
rock aquifers is essential for assessing the sustainable use of groundwater in island
aquifer systems. Environmental tracers such as tritium (3H) and sulfur hexafluoride (SF6)
that enter the aquifer systems through natural hydrological processes are effectively used
to quantify the “apparent age” of young groundwater (<60 years) to calculate these
aquifer characteristics. The island of Tobago is predominantly a fractured rock aquifer
system that contains groundwater sub-basins that produce between 100 to 1000% more
than their calculated recharge. In this study, we analyzed ten samples from groundwater
wells throughout the island for environmental tracers to establish the apparent age of the
groundwater. We then estimate the active flux and storage volume of the aquifer. The 3H
results of ten wells throughout the island range from 0.02-0.60 TU. The groundwater
samples to the south of the island possess more pre-modern groundwater ages (older
ages) compared to samples in the north of the island. These tritium values reveal age
ranges between 18 to 60 plus years This suggests that fractures create flow paths oriented
towards the southern parts of the basin that enabled the transport of groundwater across
significant topographic boundaries and watershed divides. Additionally, the data may
support that southern wells are connected to isolated old sources of groundwater. SF6
values range between 0.91 to 7.97 (part per trillion volume) with interpreted age range of
between 18 to 39 years. Both tracers support the original hypothesis that longer residence
time waters are located to the south of the island except for three SF6 samples which are
believed to be affected by excess air.
Key words: Fractured rock aquifers, environmental tracers, apparent age.
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3.1 Introduction

Severe droughts in the Caribbean such as the “Pan Caribbean Drought” of 2013 to

2016 led to increased water shortages throughout the region (Herrera et al., 2018). This
phenomenon has urgently increased the necessity of the Caribbean islands to understand
their water resources and practice sustainable use. Small islands are more susceptible to
groundwater shortages because of their limited surface area catchment sizes and storage
capacities, and are at higher risk for water supplies to be affected by pollution and
overuse (Herrera et al., 2018), (Karnauskas et al., 2016), (Schneider & Kruse, 2003).
Climate models predict that projected precipitation will be reduced in the region leading
to longer dry seasons, further stressing Surface and groundwater resources (Karmalkar et
al., 2013).
Fractured bedrock aquifers have been shown to be reliable sources of potable
water which can store and sometimes transport large quantities of groundwater
(Gustafson & Krásný, 1994). These aquifers, as contrasted to porous media aquifer
systems, present a myriad of challenges since fractures may possess an array of
hydrologic conductivities, storage capacities and flow velocities (Enemark et al.,
2019),(Morin & Savage, 2003), (Earnest & Boutt, 2014). Therefore, the assessment of
these water deposits require the use of multiple methods of analysis (Shapiro et al.,
2017), (Bense et al., 2013). Furthermore, an agglomerate of fractures and faults may
transport and mix groundwater at various transit times and distances, some of which defy
surficial groundwater divides or topographical boundaries (Earnest & Boutt, 2014),
(Genereux & Jordan, 2006).
The island of Tobago contains a geologically complex aquifer system that is
predominantly igneous and metamorphic rocks. There are small sedimentary deposits
scattered throughout the island and a carbonate platform in the southern region which
overlays basaltic basement rocks. (Snoke et al., 2001) (Fig.12). The bedrock of Tobago
also contains many fractures, faults and lineaments which are remnants of the active
tectonic history of the region (Snoke et al., 2001).
A recent hydrological assessment of the islands fractured rock aquifer system
(Boutt et al., 2021) used an integrated approach which included isotopic analysis, annual
recharge estimates and steady state groundwater modelling. They found that some
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groundwater catchments were over producing between 100 to 1000% of water compared
to their local calculated recharge (Boutt et al., 2021), (Fig 13). These results raised new
questions about this aquifer system: (1) what are the source or sources of this excess
water? (2) what are the roles of the fractures and faults in this system in the transport of
groundwater? (3) how will this aquifer react to changes in seasonal recharge?

Fig.7 Modified Geological Map of Tobago from Snoke et al., 2001 showing sample locations of
groundwater, surface water and springs, structural features, and lithological units.
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Fig.13. Map illustrating the relationship between total amount of in-place groundwater recharge units
(GRU) compared to groundwater extraction in percentages from Boutt et al., 2021.

3.2 Aims and objectives.

The “apparent age” of groundwater in aquifer systems are a result of the characteristics
of residence times. Therefore, longer travel times are attributed to longer distances water
flow through these systems. We propose that the overproducing GRU’s (Groundwater
recharge units) on the island of Tobago are caused by the connectivity of these basins to
longer flow-paths, thus resulting in water production beyond the local recharge
conditions. If this is true, the groundwater in these basins will also reflect older “apparent
ages”.
The analysis of Tobago’s groundwater “apparent age” using environmental tracers’
tritium (3H) and sulfur hexafluoride (SF6) measurements aims to prove that the
groundwater in the southern region of the island is older than the groundwater in the
north. Additionally, the “apparent age” will be used as groundwater residence times to
calculate storage volume, effective porosity, and groundwater velocity of the basins. This
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data will also be used in the future to constrain a transient 3-dimensional groundwater
model with projected precipitation values from the CORDEX climate model to the year
2046, to predict the change in storage in these basins on a monthly basis. The ability to
quantify storage changes in these aquifer types is an essential tool that can be used to
predict safe yields for groundwater extraction, thus promoting sustainable groundwater
management.
3.3 Study Area
The islands Republic of Trinidad and Tobago are located northeast of Venezuela and are
the last two islands of the Lesser Antilles. Tobago is the smaller of the two and is
approximately 300 square kilometers, with its highest elevation in the Tobago Forest
Reserve ~580 m above sea level (D. F. Boutt et al., 2021). The island contains a
population size of 1.395 million people according to the World Bank in 2019 and is well
known as a vacation destination.
3.4 Geology and Hydrogeology of the island
Tobago is predominantly composed of igneous and metamorphic rocks ranging from
Mesozoic to Cenozoic in age: The North Coast Schist, the Tobago Volcanic Group and a
Plutonic Suite (Speed & Smith-Horowitz, 1998), (Aitken et al., 2011), (Speed et al.,
1993),& (Snoke et al., 2001). The sedimentary Holocene surficial deposits includes:
limestone, sandstones, fossiliferous clays and gravels that represent archives of sea-level
changes (Fig 12), (Snoke et al., 2001). The island’s geographical location near the SouthAmerican Plate and Caribbean Boundaries has created multiple deformation events which
formed N-S to NW-SE and W-E faults (Snoke et al., 2001) (D. F. Boutt et al., 2021).
Most of the aquifers on the island are not composed of porous Media (Hydrogeological
Atlas of the Caribbean Islands and UNESCO et al., 1986), instead they contain saprolite
covers ranging from 1 – 8 m deep and faults and fractures that provide storage and
preferential flow paths (D. F. Boutt et al., 2021). The production wells located in these
igneous and metamorphic have historically shown to produce significant amounts of
potable water. (Boutt et al., 2021).
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The unconsolidated sedimentary deposits such as The Rockly Bay formation
contains mixed layers of sand , gravel, and clay. The permeable layers in these deposits
provide and transmit a moderate amount of recharge the fractured rocks below (D. F.
Boutt et al., 2021). The carbonate to the south of the island has the lowest elevations
above sea-level and is approximately 12m thick. This deposit contains some areas of high
secondary porosity, but the base of this unit is 10 m below sea-level making it susceptible
to sea water intrusions.

3.5 Hydrology of Tobago
Tobago has a tropical climate and the air masses that provide precipitation are
transported by The Atlantic Trade Winds from the north/northeast direction. There are
two distinct seasons: the wet season from June to December, and the dry season January
to May. A 50-year record of precipitation from 16 stations that were >95% complete was
used to calculate the monthly average precipitation on the island (D. F. Boutt et al.,
2021). Precipitation amount/ intensity varies due to orographic effect caused by the
elevation of the mountain ridge (580 m), and surficial flow is radial in direction from the
middle elevated ridge region of the island (D. F. Boutt et al., 2021). During the dry
season the maximum rainfall is recorded in March as ~40 mm, and the wet season the
maximum rainfall was recorded in November as ~300 mm (D. F. Boutt et al., 2021). The
annual mean precipitation on the island is approximately ~1900 mm and the terrain is
affected by high evapotranspiration ~ 1200 mm/year, and annual mean stream discharge
~ 380 mm/year (D. F. Boutt et al., 2021). There are many rivers and streams on the
island, and there flow intensities are reflective of the seasonal changes, with lower flows
during the dry season (D. F. Boutt et al., 2021).

3.6 Methodology
3.6.1 Tritium as a tracer for groundwater age determination.
Tritium (3H) is a radioactive isotope with a half-life of 12.43 years and is a
reliable tracer for the dating of young waters < 60 years old (Carol Kendall et al., 2014).
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Tritium concentrations are measured in tritium units where (1 TU equals 1 3H atom in
1018 atoms of hydrogen). Before the initiation of nuclear testing in 1953, the tritium
concentration in the atmosphere ranged between 2-8 TU, however, after the advent of
nuclear testing the concentration spiked in the atmosphere between 1953 to 1964 (Carol
Kendall et al., 2014). There are still many unknowns about the amount of tritium pre1952, however, it has been calculated that waters before this event contained a maximum
tritium concentration between 0.1 to 0.4 TU (Carol Kendall et al., 2014). Water after this
period contain increased tritium, which allows it to be utilized as a chemical marker for
water age calculation. We decided to use this method of young groundwater age dating
because tritium is one of the most reliable tracers for young groundwaters.
3.6.2

Sulfur hexafluoride as method for groundwater age determination.

Sulfur Hexafluoride (SF6) is also used to age date water <50 years old and aid to
resolve the extent of mixing in groundwaters (Gooddy et al., 2006). SF6 is a gas
commonly used in the production of electrical switches and metal casting processes
because of its inert characteristics (Solomon, D.K., T.E . Gilmore, B. Kimball, 2015),
(Darling et al., 2012). Long-term monitoring of this gas in the atmosphere shows it is
increasing at a rate of 7% per year which dissolves in precipitation making its way into
groundwater and is a reliable tool in the calculation of groundwater age and water flow
paths (Solomon, D.K., T.E . Gilmore, B. Kimball, 2015), (Darling et al., 2012). There is
also a small percentage of SF6 that is introduced into the atmosphere and groundwater
through terrigenic processes like the weathering of mineral fluorite and volcanic activity
(Solomon, D.K., T.E . Gilmore, B. Kimball, 2015).

3.7 Sampling Procedure
Ten wells throughout the island were chosen for environmental tracers’ tritium
analysis and sulfur hexafluoride analysis (TBG85W, TBG16W, TBG20W, TBG03W,
TBG37W, TBG18W, TBG12W, TBG04W, TBG38W and TBG88W) (Figure 5). Tritium
samples were collected from access points delivered from municipal large diameter water
supply wells in 1L high density polyethylene (HDPE) bottles, while the samples SF6 were
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collected 1L plastic coated, amber glass bottles with a polyseal cone lined cap. The
samples were collected by displacement of water method using copper tubing and a metal
bucket to prevent contamination from atmospheric gases.
3.7.1 Laboratory Techniques/ Analytical Procedure
Tritium and SF6 were analyzed at the University of Utah Noble Gas Laboratory.
Tritium concentrations were determined through helium ingrowth, where waters are
degassed in a stainless-steel flask and given approximately six months of time to decay,
and then measured by a Mass Analyzer (Model 215-50 Magnetic Sector Mass
Spectrometer). The SF6 samples were analyzed by gas chromatography. The instrument
is calibrated to bulk air standards (a referenced air sample from Niwot Ridge, Colorado
(Climate Monitoring and Diagnostics Laboratory (CMDL) and methods described in
(Dutay et al., 2002), (Bullister et al., 2006),(E. Busenberg & Plummer, 2000).
3.7.2 Groundwater apparent age dating using tritium.
Groundwater dating using tritium requires historical tritium precipitation data for
the calculation of natural background tritium levels. This data also allows assumptions to
be made so that sample ages can be grouped as modern, mixed or premodern
groundwater (Lindsey et al., 2019). Historical or current measurements of tritium in
Trinidad and Tobago do not exist, so monthly tritium precipitation data between 1964 to
1991 from the island of Barbados was used to represent tritium levels for Tobago due to
its geographical and climatic proximity. This data was acquired from the International
Association of Atomic Energy Agency (IAEA) and essential for our interpretation of the
well samples since tritium concentration in precipitation decreases towards the equator
(Chatterjee et al., 2019). The monthly precipitation data was then converted to the annual
average which ranged in values between 1 to 154 TU’s and is represented by the black
dashed line in Figure 5a. Each annual average annual tritium was then decayed to 2019
using the below equation.
3

-λt

[Equation] Tritium ( H): N = N0e or ln = ln N0e-
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λt.

(8)

Where N is the number of atoms N0 number of tritium atoms at time zero, t is the
time in years, λ is equal to ln (2)/ t1/2, and t1/2 equal to 12.43 years. The equation of the
line from the exponential curve was used to calculate the tritium precipitation projected
to year 2019 (Figure 5a), (red dash line). The lowest tritium precipitation level from
Barbados precipitation raw data was 1.87 TU, however the lowest value from the
exponential curve was 1.37 TU. We decided to use the value (1.37 TU) to represent the
background tritium level in the atmosphere that is created by natural nuclear reactions in
the upper atmosphere. It was also assumed to be the modern water threshold meaning all
groundwater tritium samples above this amount are modern groundwater (Figure 4a).
3.8 Groundwater apparent age dating using Sulfur hexafluoride.
The sulfur hexafluoride analysis was preformed using the methods described in
(Eurybiades Busenberg & Plummer, 2008) (air curve revised in 2011), and equations
discussed in (Maiss & Levin, 1994). In summary, SF6 concentrations were tabulated
using the approximate value of 1ml excess air from the sample bottle, atmospheric
recharge temperature of 24 ˚C, well elevation (m) asl. The resulting values are seen in
Table 2 as the uncorrected values and corrected values. The recharge year and apparent
age were then calculated using the Piston Flow Model.
3.9 The use of “apparent age” in storage volume, effective porosity, and flow
velocity calculations.
The apparent age can be used to assess the important characteristics of aquifers
such as the total water volume, effective porosity (ne), and flow velocities of basins and
GRUs by the manipulation of the residence time equation (Equation 9 to 12), with the
addition of aquifer thickness (well depth), basin and GRU flux and area data from Boutt
et al., 2021. Please note these quantities were calculated for both the GRU and basins
(Table 4).
[Equation] Residence time (τ) = Volume of water (Vw)
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(9)

Flux (Q)
[Equation] Volume of water (Vw) = τ * Q (10)

[Equation] Effective porosity (ne)= Vw /Va

(11)

[Equation] Groundwater velocity = Distance to the top of the basin/ τ

(12)

The apparent age is substituted as the residence time and the flux is represented
by the steady state model result groundwater recharge fluxes from Boutt et al., 2021.
These inputs allow the calculation of the amount in the basin and GRU reservoirs (Table
4).
3.10 Kriging prediction maps
Only 10 wells were sampled for environmental tracer analysis, so geostatistical
analysis was used to create prediction maps to show possible age values for the rest of the
island (Figure 20 a & b). The kriging tool in ArcGIS was used to interpolate age values
throughout the entire island for both 3H and SF6. Please note two control points were
added to the tritium data near TBG20W, because the program treated the highest value
(>60 years) as an outlier without them.

3.11 Results
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3.11.1 Tritium
To establish the concentration of premodern groundwater, we need to constrain the
historical tritium concentration in the input (precipitation). As mentioned earlier, tritium
in precipitation has never been measured in Trinidad and Tobago, however we had access
to, and used Barbados precipitation tritium measurements for our age calculations. The
precipitation tritium data is fit to an exponential function because the equation could be
used to project tritium levels in the atmosphere for dates after 1991 which is needed for
our analysis. The lowest tritium value of (1.37 TU) is used as the background tritium
amount in precipitation in Tobago today, and it was also used to represent the
atmospheric tritium value in Tobago precipitation before nuclear testing 1953 (Fig.14)
(Lindsey et al., 2019). We then decay that value to 2019 using Equation 8, which resulted
in a tritium concentration of 0.05 TU, this value represents what precipitation tritium
preatomic bomb would be in the year 2019 after decay. This value is also used as the
premodern ground water threshold meaning all tritium values beneath that amount are
premodern water therefore older than 60 years old (Fig. 14).
The region in between the modern and premodern tritium groundwater values are
considered mixed in composition. All of Tobago’s groundwater tritium values range
between 0.02 to 0.60 TU (yellow squares Fig. 14) (Table 4). The results of the ten wells
analyzed illustrates that there are a variety of age groups in the island’s aquifer system.
The sample grouped in the orange rectangle could potentially have two ages since the
orange rectangle connects to two locations on the red dashed decayed value line. These
age values for those samples can be 12 to 22 years, or 32 to 42 years old (TGB16W,
TBG37W, TBG39W). The sample in the green circle (TBG03W, TBG04W, TBG12W,
TBG18W, TGB85W and TBG88W) fall beneath the decay line which suggest that all
these samples are older than 27 years. Finally, sample TBG20W is located beneath the
premodern threshold line which indicates that this water is older than 60 years (purple
circle).
The groundwater tritium results were then plotted spatially on the GRU
comparison map with pie charts to represent the modern groundwater (orange segments)
and premodern/ older water (black). This map further revealed that the older ground
waters are located to the south of the island (Fig. 15).
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Fig. 14. Tritium analysis of Tobago's groundwater using thresholds from Barbados historical
precipitation tritium data.
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Fig.15. Percent groundwater age represented in pie charts (grey represent premodern water and orange representing modern
water) and GRU compared to groundwater extraction map.

102

Table 4. Tritium and sulfur hexafluoride with analytical errors and uncorrected values.

Well ID

Tritium (TU)

TBG85W
TBG16W
TBG20W
TBG03W
TBG37W
TBG18W
TBG12W
TBG04W
TBG39W
TBG88W

0.20
0.50
0.02
0.13
0.60
0.17
0.13
0.12
0.49
0.23

3

H analytical error
0.09
0.05
0.16
0.22
0.05
0.38
0.21
0.04
0.13
0.10

SF6 (pptv) SF6 uncorrected values
6.91
4.17
7.13
1.74
4.42
2.60
1.49
7.27
4.47
0.91

8.24
4.98
8.50
2.07
5.26
3.10
1.77
8.67
5.32
1.09

.
Table 5. SF6 uncorrected and corrected values and 3H well samples ages.

Well ID
TBG85W
TBG16W
TBG20W
TBG03W
TBG37W
TBG18W
TBG12W
TBG04W
TBG39W
TBG88W

Piston flow Piston flow
Piston flow model SF6 model SF6
model SF6 recharge
recharge
recharge uncorrected corrected Tritium age
year
age, years
age, years
years
1989
10
31
>29
2000
21
21
>18
1983
9
37
>60
1988
32
32
>29
2001
20
20
>18
1993
28
28
>29
1986
33
33
>29
1985
9
34
>29
2002
18
18
>18
1981
39
39
>29

3.11.2 Sulfur hexafluoride
The sulfur hexafluoride results present a range of values between 0.91 and 7.27
Pptv with interpreted age ranges between 18 to 39 years (Table 4 & 5). Since this
environmental tracer is increasing at a rate of 7% per year since the 1960’s (Darling et al.,
2012), we expect to see larger values for premodern waters and smaller values for young
water. Unlike the tritium results, SF6 results show that both the oldest and youngest
waters are in the island's southern region, with the oldest water located in wells
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TBG03W, TBG12W and TBG88W, and the youngest water are in wells TBG04W,
TBG20W and TBG085W (Table 5). Samples with larger concentrations of SF6 contain
between 2.4 to 2.85 Pptv less than the atmospheric level measured in mid-2018 (Fig. 16).

Fig. 16. SF6 water concentration per well location Pptv.

3.12 Discussion
The tritium results directly support the hypothesis that water sampled from wells in the
southern region of the island contain more premodern water. The SF6 data however,
displayed mixed results, which is illustrated in Figure 6. When tritium and SF6 is assessed
in a bivariant plot we expect to see lower tritium and SF6 to represent premodern water
and the reverse for modern waters. Most of the environmental tracer results support the
hypothesis that premodern water samples are located to the south of the island, except for
three SF6 samples (Fig. 17). These values are considered very high, and the samples
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were expected to contain very little SF6 because the tritium results show that they are
some of the oldest waters in the island. We consider that these outliers contain “excess
air” which is modern air dissolved in the groundwater causing the large increases of SF6
in the samples. Tritium results are considered to be more reliable because the hydrogen
atom is part of the water molecule and its values are decay dependent (Hofmann et al.,
2020). Therefore, if the SF6 age values of these three wells were correct, then the 3H
values would also reflect younger ages. SF6 can increase in groundwater through
terrigenic sources (dissolution of fluorite and volcanism)(Solomon, D.K., T.E . Gilmore,
B. Kimball, 2015),(E. Busenberg & Plummer, 2000),(Darling et al., 2012). Poulsen et al.,
2020 showed higher SF6 values in groundwater samples can originate from compressed
air used in well installation or trapped air in the subsurface high recharge locations.
Though methods to clearly distinguish between these two sources are still being
developed, the SF6 atmospheric concentration of the year that the wells were installed can
be used to assess if the “excess air” was added to the system during the drilling. Other
possible causes of “excess air” that has not been thoroughly studied is the effect of
fracture rock aquifer wells that have histories of production above the safe yield
thresholds. An analysis of the island’s production wells, and their adjacent monitoring
wells were completed, and it showed that these three wells were producing above their
safe yields for some years in the past. The large drawdowns of these wells especially
during dry periods could increase the amount of modern air in the fractures which can
become trapped as the well water storage is replenished.
We used two methods to assess the corrections needed for the three SF6 outliers.
The first method was discussed by Pouslen et al., (2020), where the of SF6 concentration
in the atmosphere during the well installation year is used as the correction value (Fig.17
& Table 6). Please note that the installation year for TBG20W is not known, so we used
the year the well production data record began in 2006. The result is seen in Fig. 17
where the colored diamonds represent the wells with this correction.
We also calculated the approximate amount of excess air that needs to be
subtracted from these samples to plot close to the linear fit line (Table 6). We subtracted
between 15ml to 35ml of excess air from their measured results to fall within the
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expected range of correct values. The colored circles in Fig. 17 shows where these
samples will plot after the concentrations of the “excess air” is subtracted.
The ages of the tritium and the SF6 results with an approximation of corrected
values were plotted spatially and made visually comparable by bar graphs on a modified
Snoke et al., (2001) geological map (Fig. 18). The result implies that the wells in the
southern region of the island contain the oldest groundwater.
Kriging statistical projection maps of both environmental tracers were created to
calculate ground water ages throughout the island based on the results of the ten wells
(Fig. 20a & 20b). These interpolated results show similar trends of increases to the
southwest of the island.
Tobago’s groundwater tritium levels were also compared to groundwater tritium
publications of other island aquifers at similar latitudinal locations (Fig. 19),(Nelson et
al., 2013),(Hofmann et al., 2020),(Hynek et al., 2017). The dates to which the samples in
these studies were collected were all decayed to 2019. The results reflect similar value
ranges however, Tobago’s samples contain the lowest median and mean results
suggesting that it has older water ages in general compared to all the other islands. It is
also very significant due to the fact the Tobago is located the closest to the equator and its
aquifer was expected to only contain younger groundwater.
The apparent age results of Tobago’s groundwater also presented an opportunity to
calculate other aquifer characteristics by substituting its values for the residence times for
the groundwater in these wells. These calculations were completed with data from Boutt
et al., 2021, which included of all the basin and GRU fluxes presented by their steady
state model, as well as the GRU and basin volume and area measurements. We calculated
aquifer storage volume size, flow velocity and effective porosity(specific yield) of the
aquifer (Equations 9 to 12) (Table 7).
All the watershed volumes for these 10 wells are multiple orders of magnitude greater
than the volume of water that can be contained in the GRU’s (Table 7). Therefore, the
production level can be maintained once there is consistent recharge. However, there are
few wells with notable characteristics: Well TBG20W GRU and basin volumes are nearly
proportional to each other (8,362,011 and 8,415,465 m3 respectively). Since this is the
only well in this highly producing GRU and it is already producing more than 99% of the
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watershed recharge, new wells should not be placed in this watershed or GRU. This well
also possesses one of the smaller groundwater velocities compared to the other wells
(0.30 km/yr), however the aquifer is very productive because both the GRU and the
basin’s high effective porosity increases flow capacity (0.160 and 0.136 respectively)
(Table 7).
It must also be noted that the flow velocity has a direct correlation to the groundwater
age in this aquifer. For example, wells with the most premodern waters possess the
slowest velocities though there are smaller distances between the well and the top of their
watersheds (TBG20W, TBG88W). These calculations provide preliminary insight into
this aquifer systems which can be compared to groundwater models that are created for
the island. They also provide tools to effectively manage of these watersheds especially
during periods of droughts. Safe yield production level can now be more efficiently
calculated, especially in changing climate scenarios. During severe drought periods the
wells whose productions is supported by majority premodern water can be used at
increased capacities.

Fig. 17. Bivariant plotting of SF6 and 3H showing the SF6 outliers (colored diamonds). The linear fit was calculated
excluding the outliers. Colored circles represent outliers corrected by the approximation of excess air, and colored
stars represents the outliers corrected for excess air using the SF6 concentration in the atmosphere during the year
the wells were drilled.
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Fig.18. Modified geological map from Snoke et al., 2001 showing the locations and lithology of wells, and their age
comparisons.
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Fig. 19. Tobago groundwater tritium results compared to other islands.
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Fig. 20. Kriging projections for both (a) tritium and (b) sulfur hexafluoride throughout
Tobago.

a
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b
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Well ID
TBG85W
TBG04W
TBG20W

excess air amount
15ml
20ml
35ml

Approixmated
excess air
2.13
1.79
1.10

Minus approixmated

Table 6. SF6 outlier’s data with excess air calculations.

Calculated SF6 (pptv)
6.91
7.27
7.13

Well drill year
2000
2000
2006

Amosheric SF6 (pptv)
Well drill year

Minus atmosheric SF6 (pptv)
2.35
2.71
1.19

Well drill year
4.57
4.57
5.94

Table 7. Storage volume, effective porosity, and flow velocity calculations
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3.13 Conclusion
Ten wells were sampled for “apparent age” analysis of environmental tracers’
tritium and sulfur hexafluoride. The age range of the tritium samples were between 18
to > 60 years old, while the SF6 ranged between 18 and 39 years. Both methods
suggest that the water in the southern region are older than waters in the north except
for three SF6 samples which are believed to be affected by “excess air”
contamination. Therefore, caution should be made when interpreting this
environmental tracer in a fracture rock system.
We calculated the effective porosities of both GRUs and basins, and it was found that
the GRUs where TBG03W and TBG20W are located contain values similar to those
of gravels. The most important revelation of these findings is that there are waters
greater than 60 years old on such a small island, however it is still not known if this
premodern water is being provided by a deep old groundwater source or longer flow
paths.
This research can be improved by observing how this system reacts to changing
climate scenarios over long periods of time. This can be achieved by annual
environmental tracer testing and transient groundwater modelling. The results of
which can aid in the safe yield production levels for individual wells and promote the
sustainable use of this aquifer.
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CHAPTER 4
GEOCHEMICAL SIGNATURES OF GROUNDWATER FLOW PATHS AND
MIXING IN A FRACTURED CRYSTALLINE ROCK-ISLAND AQUIFER
SYSTEM.

Abstract
Climate change has progressively impacted water resources worldwide, initiating
studies of untapped sources of potable water. Fractured bedrock aquifers have become a
resource for many countries, yet essential questions of how to characterize and quantify
the magnitude of its subsurface storage in the context of water supply development remain.
The island of Tobago is predominately highly fractured Mesozoic igneous and
metamorphic rocks, with a well-developed saprolite soil cover. Prior work has established
that the fractured bedrock receives recharge of ~400 mm of the ~1900 mm annually, and
some sub-catchments in the island's southern region are producing 100 to 1000% more
than the calculated recharge. We hypothesize that fractures from the central elevated region
facilitate water transport to the island's southern province allowing groundwater to cross
significant topographical boundaries.
We used the stable isotopes of H2O and strontium and the elemental abundances of
solutes provided from the saprolites to identify flow paths and groundwater mixing. The
stable isotopes of H2O on the island range from -2.3 to -3.8 ‰ for δ18O-H2O and -6.2 to 18 ‰ for δ2H -H2O. These ranges do not indicate significant differences; however, there
are signals of recharge and evaporation in different island regions compared to the Local
Meteoric Water Line.

87

Sr/86Sr and 1/Sr concentrations suggest two dominant mixing

trends reflecting: precipitation to rock equilibration and groundwater to seawater mixing.
The

87

Sr/86Sr and Sr/Na distinguishes two-part mixing between silicate rock water and
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carbonate rock water and three-part mixing of seawater, silicate rock water, and carbonate
rock water. These trends are consistent with regional fracture flow linking groundwater
transport from higher elevations and previous environmental tracer (groundwater age
dating) work. Our results demonstrate that the integrated use of these geochemical methods
can establish flow path directions and groundwater mixing locations in complex fractured
rock aquifer systems.

3.4 Introduction
Tobago is in the Lesser Antilles, northeast of its sister island Trinidad, and north of
Venezuela. Potable water derives from the fractured bedrock aquifer, predominantly
Mesozoic igneous and metamorphic rocks with a well-developed saprolite soil cover
and a carbonate platform in the southwest region (Snoke et al. 2001). This aquifer
supplies more than 70,000 +, is seasonally recharged during the six-month wet season
(June to December). Due to increases in demand and a climate with projected drying
trends, it has become imperative to assess if current water production levels are
sustainable (Karmalkar et al. 2013; Herrera et al. 2018; Karnauskas, Donnelly and
Anchukaitis, 2016; Holding et al. 2016).
Though fractured bedrock aquifers provide potable water for over 20% of the
world, there are still many unknowns about these systems (Gustafson & Krásný,
1994). Water from precipitation events permeates through soil, saprolite layers and is
deposited in large fractures of bedrock. Over time, weathering processes due to rockwater interactions, groundwater reflect the chemistry of the rocks (Susan L. Brantley,
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James D. Kubicki, 2014; Rutherford 1988; Banks et al. 2009). The inter-connectivity
of fractures and faults facilitates the transport of water deposits and inter-basin flow,
which cross-cut topographical boundaries (Boutt et al. 2021; Earnest and Boutt 2014;
Scholten, Felix-Henningsen and Schotte 1997). However, the quantification of storage
capacities and the volume changes both spatially and temporally regarding shifting
climate patterns are still to be established on the island. Fractures and faults provide
secondary porosity, and their spatial distribution, connectivity, size, and fluid
permeability act as controls to the amount of groundwater stored, transported, and
produced in basins (Boutt et al. 2021; Pyrak-Nolte and Morris 2000; Manda et al.
2013; Bense et al. 2013). Additionally, groundwater transported through fracture and
faults becomes even more complex with vertical and horizontal heterogeneity and
anisotropy (Grisak and Pickens 1980; Cook et al. 2005; Boutt, Diggins and Mabee
2010; Earnest and Boutt 2014).
The chemical composition of groundwater in terms of major cations and anions,
the stable isotopes of water, and the 87Sr/86Sr and concentrations are instrumental tools
in the study of groundwater and weathering processes (Banner 1995; Kim et al. 2003;
Quade, English and DeCelles 2003; Williams et al. 2013; Rissmann et al. 2015). For
example, Tobago's soil profiles contain saprolites found between soil layers and its
parent bedrock (Figure 1a.) (Rutherford 1988). Past studies have established how to
distinguish ground and surface water lithologic origins by analyzing the concentration
of their chemical loads. (Gaillardet et al. 1999; Roy, Gaillardet and Allègre 1999;
White 2002; Quade, English and DeCelles 2003). These methods are also reliable for
identifying flow paths and groundwater mixing (Winnick et al. 2017).
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The solute concentrations in subsurface waters are a function of chemical
weathering reactions and rock types, which in turn reflect the balance of
thermodynamic limits to overall weathering, the kinetics of reaction rates, and water
residence times (Gaillardet et al.1999; Navarre-Sitchler and Brantley 2007; Li, Steefel
and Yang 2008; White et al. 2009; Maher 2011; Winnick and Maher, 2018). An indepth study of granite weathering was completed by (Oliva, Viers, and Dupré 2003)
shows that this lithology is regulated by temperature and runoff. In addition, soil
thickness cover and the amount of weatherable minerals limit weathering (Oliva, Viers
and Dupré 2003; Bazilevskaya et al. 2013). Igneous and metamorphic rocks generally
feature the most dilute groundwater, but concentrations increase in groundwater stored
in carbonates, and evaporites (Dessert et al. 2003; Ibarra et al. 2016)
An unresolved issue in Tobago's aquifer is identifying the sources of increased
salinity to the island's southwest. Seawater intrusions can induce salinity, climate, the
dissolution of salts, or anthropogenic contributors (Williams et al. 2013; Munk et al.
2018; Kim et al. 2003; Sawyer et al. 2013; Chaillou et al. 2014; Mondal et al. 2010;
Huang et al. 2018). Strontium is an effective tool for analyzing the hydrochemistry of
groundwater in aquifer systems. The 87Sr/86Sr and concentrations are conservative and
do not fractionate like other isotopes; therefore, they provide valuable information on
rock-water interactions transported in fractures, flow rates, fracture connectivity, and
mixing with other water-bearing fractures (Dia, Cohen 1992; Harris et al. 1998; Kim
et al. 2003; Williams et al. 2013; Munk et al. 2018; Semhi et al. 2017). In addition, the
significant differences between the strontium ratios in silicate and carbonate rocks
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provide a more robust method of distinguishing water-rock interactions (Quade,
English, and DeCelles 2003). This method is used in hydrogeology to identify
groundwater flow paths and salinization sources in fractured rock aquifers (Williams
et al. 2013; Kim et al. 2003).
The stable isotopes of water δ18O and δ2H are also used in groundwater studies to
determine the sources of air masses, evaporation, climate patterns, and hydrological
cycle processes (Kendall and Coplen 2001; Kirchner 2016; Jasechko et al. 2016;
Kendall and Doctor 2003; Moran, Boutt and Munk 2019). The δ18O and δ2H of
Tobago's groundwater will be compared to its local meteoric line to assess if any
significant differences in composition are present. (Genereux and Jordan 2006;
Genereux and Hooper 1998; Kendall and Doctor 2003).
Boutt et al. (2021) analyzed Tobago's hydrogeology and quantified the recharge
per sub-basin compared to historical production data. The study's results posed
unresolved questions about the aquifer system, mainly: Why do some sub-basins
produce over 100 to 1000% of their calculated recharge? Are large-scale fracture
networks and faults creating inter-basin flow on the island? Can groundwater
chemistry be used to distinguish lithological sources, flow paths, and mixing in
complex fractured rock aquifers? While there have been many hydrochemical studies
on island aquifers of one lithology (Collins III and Easley, 1999; Kim et al. 2003;
Charlier et al. 2011; Banerjee et al. 2012; Joseph et al. 2019) there are few on islands
with multiple lithologies making Tobago an ideal research location (Phipps, Boyle and
Clark 2004; Thomas, Paillet and Conrad 1996). Here we present the results of our
research, which aimed to answer the above questions with Tobago's groundwater
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chemical analyses of major elements and compounds, the stable isotopes of water
(δ18O and δ2H), and 87Sr/86Sr and concentration.

3.5 Geology

Trinidad and Tobago are situated northeast of the South American continental

shelf adjacent to Venezuela. Tobago is the smaller of the two islands and is
approximately 41.4 km2 in area, with its highest elevation of 580 meters located at the
center of the island (Tobago Forest Reserve). Tectonic studies suggest that Tobago is
either connected to the Barbados accretionary prism and was originally a part of the
South American plate which broke off due to faulting and drifted eastward (Frost and
Snoke 1989; Speed et al. 1993; Speed and Smith-Horowitz 1998; Snoke et al. 2001;
Aitken et al. 2011). The island is mainly composed of a suite of metamorphic and
igneous rocks adjacent to each other, with small alluvial deposits scattered throughout
the island and a carbonate platform above the volcanic rocks to the southwest (Figure
2.) (Snoke et al. 2001). There are also multiple large-scale fractures and faults across
the island oriented northwest to southeast, except for the Southern Tobago Fault System
oriented southwest to northeast (Snoke et al. 2001). The Mesozoic rocks include The
North Coast Schist, Tobago Volcanic Group, and Plutonic Suite (Snoke et al. 2001). In
addition, Cenozoic rocks deposits of fossiliferous sandy clay and gravel (Rockly Bay
Formation) and the Montgomery sandstone, conglomerate, and limestone, were
deposited during the Pleistocene-Pliocene period (Fig. 21).
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Fig. 21 A geological cross-secttion of Tobago's fractured rock aquifer illustrating
the location of saprolites.
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Fig. 22 A Modified Geological Map of Tobago, West Indies from Snoke et al. (2001), showing the
lithological units and structural feartures. Sample locations are represented of wells (triangles),
spring (ovals) and surface water (rectangles).
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4.3 Methods
4.3.1 Water Sampling
The initial sampling campaign began throughout the island in December (wet
season) of 2014 and March 2015 (dry season). The samples collected included
groundwater (32 sites), springs (5 locations), surface water (36 sites), and precipitation
from 11 meteoric stations. Precipitation samples were weighted by the volume of the
rainfall collected from the rain gauges between the sample collection periods. For this
research, we used the March 2015 data sets for these analyses since they represented
most sample sites. The samples were analyzed for major cations and anions, stable
isotopes of water, and stable isotopes of strontium. Temperature, pH, and specific
conductivity were measured in the field using a multi-parameter YSI. Alkalinity was
calculated in situ using Chemetrics Kits. Additional samples were collected for stable
isotopes of water analysis in January 2018 for ten wells, including three new wells
(TGB90W, TBG91W & TBG92W) and four samples in January 2019. Samples were
stored in 15ml high-density polyethylene (HDPE) bottles (Table 8 & 9). However, pH
and alkalinity values were not collected from site TBG56W due to instrument failure.
Well, characteristics data such as temperature, pH, depth of well, and screen depth
were also unavailable for some of the older wells on the island.

4.4 Laboratory Procedures
4.4.1

Major elements and compounds

Major elements were analyzed at the University of Alaska Anchorage via
ion chromatography (Dionex BioIC) and ICP-MS. Samples were gravimetrically
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diluted for analysis on an Agilent 7500c ICP-MS with collision cell and an AS90
autosampler following standard procedures. Cl and SO4 This mass spectrometer uses
a cold argon plasma with the flow at 15 L min-1, RF voltage of 1480 V, carrier gas
flow, and makeup gas flow of 1.2 mL min-1 and 0.2 mL min-1, respectively.
A seven-level calibration was prepared using Agilent standard I stock solution at 0.5,
1, 5, 10, 50, 100 µg L-1. In addition, an internal standard was used for drift correction
of 10 ug L-1 concentration (Agilent ®) In, Li (7), Bi, Y, and Sc. A calibration
verification was completed after every ten samples were measured against
international standards (NIST SRM 1643 and 1640). Only values above 90% were
accepted, and detection limits were calculated using methods presented by Harris
(2010).
Geochemist Workbench was used to calculate bicarbonate (HCO3), carbonate ( CO3),
elemental activities, and water types using alkalinity and pH values recorded (Bethke,
2007).

4.4.2 Stable Isotopes of Water Analysis
Groundwater and precipitation samples collected in 2015, 2018, and 2019 were
analyzed on the Picarro Water Isotope Analyzer at UMass Stable Isotopes Laboratory.
The precipitation samples were collected monthly at each precipitation station and
weighed against the collected volume between each sampling period during January
and June to December 2014. The isotopic composition (δ2H-H2O, δ18O-H2O) of
hydrogen and oxygen of the water molecule was measured by wavelength scanned
cavity ring-down spectrometry on un-acidified samples by Picarro L-1102i WS-CRDS
analyzer (Picarro, Sunnyvale, CA). Samples were vaporized at 110ºC International
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reference standards (IAEA, Vienna, Austria) were used to calibrate the instrument to
the VSMOW-VSLAP scale, and working standards were utilized with each analytical
run. Long-term averages of internal laboratory standard analytical results yield an
instrumental precision of 0.51 ‰ for δ2H - H2O and 0.08 ‰ for δ18O-H2O. A 5µl
Hamilton glass syringe draws 1µl of sample to inject into a heated vaporizer port
(110°C). For each injection, the absorption spectra for each isotope are determined 20
times and averaged. Between injections, the needle was rinsed with 1-Methyl-2pyrrolidinone, and the sample chamber was flushed with dry nitrogen. To further
eliminate the memory effect between samples, each sample was injected six times, and
the first three injections were discarded. The lab has adopted a modified version of
Penna et al. (2012); examples were run in groups of isotopic compositions and or
grouped by water source and location. Three standards that isotopically bracket the
sample values are run alternately with the samples. Secondary lab reference waters
(from Boulder, Colorado; Tallahassee, Florida; Amherst, Massachusetts) were
calibrated with Greenland Ice Sheet Precipitation (GISP), Standard Light Antarctic
Precipitation (SLAP), and Vienna Standard Mean Ocean Water (VSMOW) from the
IAEA. Results were calculated based on a rolling calibration so that each sample is
determined by the three standards run closest in time to that of the sample using
Equation 1. The samples were then compared to the Global Meteoric Water Line
(GMWL). Finally, we generated an LMWL through a least-squares linear regression
function of weighted amounts precipitation samples, which allowed for creating a
Local Meteoric Water Line by applying a linear fit to the precipitation δ18O / δ2H
results.
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[Equation]

𝛿𝛿 18 𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = �

𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑅𝑅𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

− 1� × 103

(13)

4.4.3 Strontium 87Sr/86Sr Stable Isotopes Analysis:
Forty-eight samples were analyzed for 87Sr/86Sr and concentrations at the
University of Utah ICP-MS Metals lab. The procedure included using Agilent 7500ce,
quadrupole mass-spectrometer with an octopole reaction system that preferentially
expels polyatomic interferences. Instrumental specifications include an autosampler
Cetac AS 520, PTFE cyclonic, quartz Scott type, quartz double-pass spray chambers,
quartz shielded torch, platinum, or nickel cones. Before analysis, samples were filtered
(0.45 mm), then acidified to 2.4% using nitric acid, and finally heated at 60° C in a
closed tube for 12 hours, or heated open tube for 1 hour at 95° C.

4.5 Results
4.5.1 Major Elements Analysis by lithology
We used the March 2015 samples to investigate the geochemical characteristics of
groundwater based on lithology (Fig. 23). This data set represented most production
wells on the island and a complete record of the physical attributes of wells required
for the analysis.
The three samples in the biotite-tonalite complex TBG18W, TBG20W, and
TBG21W (candy pink) group showed variability within cations and anions. TGB20W
contained higher Mg compared to TGB18W, and TBG21W was more mixed in
composition. All three of these waters were HCO3 type in composition: Ca-HCO3 and
Mg-HCO3, respectively (Fig. 23, Table 8 & Table S5). The saturation Indices (SI)
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showed that these groundwaters were supersaturated for dolomite; however, only
TBG18W and TBG20W were also supersaturated for calcite.
Seven wells are located in the carbonate rocks platform (yellow) in the southwest
of the island. They displayed the most extensive range of cation and anion variability.
The cation ternary diagram indicates that they range from mixed in composition to a
Na + K endmember. TBG09W, TBG10W, and TBG11W were the outliers of the
group and were enriched in Na+ K and depleted in calcium compared to other samples
(Figure 3). TBG11W contains the most considerable variance in carbonate wells with
approximately 90% Na + K (Fig. 23 and Table 8). Anions displayed a general trend of
Cl enrichment as well location moved further south into the carbonate platform with
the addition of sulfate to some samples (TGB01W, TGB02W, TBG09W, and
TBG10W). The chloride content ranged between ~30% to >80%, and sample
TBG10W contains the highest sulfate composition (approximately 55%). TBG04W
located in the carbonate platform was sampled for conductivity and chloride at
multiple depths. The result showed that its highest conductivity was situated between
15 and 30 meters in a sand, clay, and shell layer (Fig. S7). The carbonate well samples
contain multiple water types: TBG02W (Na-Cl), TBG03W (Mg-HCO3), TBG09W
(Fe-Cl), TBG01W, TBG04W,TBG11W and TBG10W (Na-Cl) (Table S1). Saturation
indices for carbonate well samples were supersaturated for minerals calcite and
dolomite. However, TBG10W was the exception since it was not calcium
supersaturated (Table S5).
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Sample TBG38W in the deformed mafic volcanic-plutonic complex (orange) is
Ca-HCO3 type water and supersaturated regarding minerals dolomite and calcite (Fig.
23 & Table S5).
All five wells in the gabbro-diorite rocks (fuchsia pink) were mixed in cation
composition and generally carbonate-type water. Water types include TBG16W,
TBG19W, TBG39W, TGB65W and TBG40W (Ca-HCO3) water types (Table S1).
The Parlatuvier Formation (blue) contains TBG35W and TBG36W, with water
types Fe- HCO3 and Ca-HCO3, respectively. They are both mixed in cations
composition and fall in the bicarbonate region of the anion ternary. The six wells in
the Quaternary Alluvial Deposits (black) are mixed cation composition, with mainly
bicarbonates anions except for samples TBG13W and TBG33W, which are more
enriched in chloride (≥60%) than all other samples. The well waters varied in water
types: TBG12W, TBG37W, and TBG86W (Mg-HCO3), TBG13W (Mg-Cl), TBG33W
(Ca-Cl), TBG34W (Ca-HCO3). All the samples contained SI greater than 1 for calcite
and dolomite except for TBG34W and TBG86W, which were undersaturated for
calcite. The one well in the Rockly Bay Formation TBG05W was classified as MgHCO3 water type.
Finally, we obtained four well samples from the sandstone, conglomerate, and
limestone deposits (peach) TBG15W, TBG17W, and TBG87W. TBG15W is mixed in
cation composition, while TGB17W and TBG87W contain higher calcium
concentrations. The anion composition of these well water samples also show
variability where TBW15W and TBG17W have lower Cl (<30%) content while
TBG87W > 90% Cl content. All samples were supersaturated for calcite and dolomite
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except for TBG87Wwhich is not supersaturated in calcite. These waters were
classified as Mg-HCO3, Ca-HCO3, and Na-Cl, respectively.

Fig. 23 Piper plot analysis of well water samples represented by lithologic unit and color scheme from Snoke et al.
2001. The diagram shows that major of cations are mixed in comosition, however anions anions in samples range
from HCO3 to Cl rich waters.
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Table 8. Results sample analysis for major and minor elements and compounds, strontium ratios and concentrations, and other sample characteristics.
Sample ID

Surface Lithology

Depth (m)

Cl - (mg/l)

Al 3+ (mg/L)

Fe 2+ (mg/L)

Zn+ (mg/L)

Mn+ (mg/L)

Na+ (mg/L)

K+ (mg/L)

Temperature
(C°)

Conductivity
(μS/cm)

pH

⁸⁷Sr/⁸⁶Sr

Sr mg/L

TBG01W

Coralline Limestone

97.23

149.45

30.93

181.60

-

-

14.63

0.03

95.06

4.25

47.03

45.77

27.90

1027.00

7.50

0.70538

0.70

TBG02W

Coralline Limestone

145.69

183.06

38.63

177.80

-

-

13.95

0.07

90.86

4.71

56.23

70.30

27.80

1202.00

7.80

0.70544

-

TBG03W

Coralline Limestone

90.83

67.08

-

172.70

-

-

16.60

0.07

86.39

4.28

48.68

56.21

27.80

1018.00

7.90

0.70546

0.65

SO₄²- (mg/L) HCO₃- (mg/L)

Mg²+ (mg/L) Ca² + (mg/L)

TBG04W

Coralline Limestone

123.75

159.96

-

166.80

-

-

15.65

0.02

94.82

3.97

42.79

80.83

28.00

1130.00

7.90

0.70601

0.65

TBG05W

Rockly Bay Formation-volcanic

109.12

44.41

-

181.20

-

-

13.15

0.02

58.23

10.73

47.06

56.20

28.20

889.00

7.60

0.70533

0.44

TBG09W

Coralline Limestone

121.31

337.46

101.86

137.30

-

2205.00

14.58

0.07

207.20

16.68

49.69

125.64

27.80

1852.00

7.40

0.70656

1.45

TBG10W

Coralline Limestone

30.49

2588.94

3962.18

175.50

-

-

123.20

0.67

321.10

12.18

58.47

199.06

28.20

2955.00

7.20

0.70614

2.53

TBG11W

Coralline Limestone

-

759.91

-

271.90

-

-

131.70

-

1596.80

9.40

8.74

73.41

27.20

7580.00

8.30

0.70576

1.31

TBG12W

Quaternary Deposits

176

48.22

-

182.80

-

-

12.92

0.00

52.90

2.63

40.38

51.15

27.90

762.00

7.50

0.70491

-

TBG13W

Quaternary Deposits

93.57

145.03

-

174.50

-

-

13.96

0.02

83.32

4.56

59.27

58.92

30.30

1165.00

7.60

0.70504

0.58

TBG15W

Volcanic and Sedimentary Rocks

206.35

38.26

-

189.30

-

-

13.47

0.01

35.86

3.49

20.18

30.78

30.80

649.00

7.80

0.70468

0.26

TBG16W

Diorite - Gabbro

-

25.56

4.74

185.60

-

-

14.68

0.09

38.11

6.87

15.60

43.99

26.90

488.00

8.10

0.70431

0.14

TBG17W

Volcanic and Sedimentary Rocks
Biotite Tonalite

-

16.74

-

167.00

-

-

33.24

0.33

38.39

1.54

29.02

60.41

26.60

620.00

7.40

0.70396

0.25

-

43.48

-

187.20

-

-

14.63

0.06

48.08

8.73

25.29

49.74

28.00

613.00

7.60

0.70417

0.25

TBG18W
TBG19W

Diorite - Gabbro
Biotite Tonalite

50.3

29.71

-

199.20

-

-

16.18

0.07

42.85

13.30

24.98

53.80

28.40

643.00

7.70

0.70459

0.18

-

28.98

-

185.90

-

-

15.91

0.06

39.82

11.57

22.07

50.70

33.20

653.00

7.80

0.70453

0.29

TBG21W

Biotite Tonalite

68.6

24.34

8.59

194.00

-

-

16.19

0.07

38.60

8.02

17.97

47.25

27.50

501.00

7.30

0.70459

0.15

TBG22W

Volcanic and Sedimentary Rocks

-

24.98

7.98

241.80

2.02

-

1.33

0.01

26.25

3.01

20.27

45.91

26.00

499.00

8.31

0.70421

0.19
0.21

TBG20W

TBG25W

Diorite - Gabbro

-

39.21

26.65

288.50

-

-

12.16

0.20

44.04

8.27

23.53

47.16

25.50

620.00

7.24

0.70435

TBG33W

Quaternary Deposits

12.98

209.90

-

198.70

-

-

23.87

0.07

105.91

3.47

54.80

124.98

29.20

1572.00

8.00

0.70506

0.25

TBG34W

Quaternary Deposits

26.8

15.60

5.78

132.00

-

-

2.50

0.00

14.68

0.74

11.53

19.62

26.80

244.70

7.60

0.70511

0.05

TBG35W

Diorite - Gabbro
Parlatuvier Fromation-Schist

116.3

74.52

12.14

114.80

-

476.80

1.33

0.01

40.38

0.71

13.28

29.69

26.30

431.80

8.20

0.70397

0.27

TBG36W

24.38

6.01

5.03

181.20

0.69

-

48.29

0.01

28.69

1.23

17.81

35.33

28.90

406.80

8.10

0.70438

0.13

TBG37W

Quaternary Deposits

361.76

33.12

13.89

262.50

-

-

25.10

0.07

34.37

0.81

17.58

38.11

27.60

434.60

7.90

0.70447

0.08

TBG38W

Diorite - Gabbro

137.16

43.85

-

185.20

-

-

14.68

0.09

52.14

0.76

28.68

45.39

25.90

568.00

7.80

0.70462

0.10

TBG39W

Diorite - Gabbro

212.75

53.62

-

178.90

-

-

19.58

0.10

35.28

-

39.09

57.76

28.10

696.00

7.60

0.70398

0.19

TBG40W

Diorite - Gabbro

255.4

45.17

-

185.60

-

-

13.52

0.06

38.47

0.60

23.62

57.19

29.70

596.00

7.80

0.70430

0.14

TBG41W

Diorite - Gabbro

-

24.32

4.44

203.40

1.33

-

1.94

0.01

18.33

0.84

22.82

38.39

23.60

443.00

8.48

0.70400

0.13

TBG48W

-

20.17

8.44

135.30

1.51

-

1.30

0.00

16.32

0.80

21.43

22.61

26.95

358.00

8.61

0.70481

0.05

TBG53W

Diorite - Gabbro
Coralline Limestone

-

25.88

-

181.60

10.17

-

41.38

-

47.87

5.90

12.11

88.90

29.40

721.00

7.70

0.70871

0.41

TBG56W

Volcanic and Sedimentary Rocks

182.88

159.47

50.37

0.00

-

-

12.05

-

88.11

4.45

53.21

64.66

30.00

1157.00

-

0.70530

0.75

TBG57W

Rockly Bay Formation-volcanic

-

54.74

104.43

172.40

-

-

17.88

0.02

59.82

10.96

47.76

54.49

30.00

927.00

8.10

0.70534

0.44

TBG63W

Parlatuvier Fromation-Schist

-

9.75

3.57

120.60

-

-

5.25

-

7.33

0.11

4.23

4.02

24.90

105.90

7.73

0.70461

0.02

TBG65W

Quaternary Deposits

270

27.56

-

192.90

-

-

15.61

0.09

44.37

1.71

20.87

41.86

29.50

569.00

7.53

0.70441

0.44

TBG67W

Quaternary Deposits

-

24.20

14.81

144.10

0.58

-

2.04

-

31.07

0.96

19.00

17.42

25.50

385.00

7.43

0.70469

0.05

TBG68W

Diorite - Gabbro
Rockly Bay Formation-volcanic

-

66.83

39.79

180.80

-

-

20.12

-

37.97

-

39.51

58.81

27.80

710.00

7.00

0.70421

0.19

TBG73W

-

117.66

-

178.70

-

-

5.20

-

78.15

8.28

28.40

59.22

27.40

900.00

7.70

-

-

TBG80W

Parlatuvier Fromation-Schist

-

19.43

-

183.90

-

-

13.28

-

43.63

1.08

21.65

40.33

23.40

529.00

8.38

0.70538

0.07
0.28

TBG86W

Quaternary Deposits

121.31

24.43

31.37

257.90

-

-

18.11

0.24

40.46

1.12

28.52

39.63

28.00

616.00

7.30

0.70596

TBG87W

Volcanic and Sedimentary Rocks

28.65

1971.64

-

204.30

-

-

139.90

1.21

32.61

28.99

224.42

335.99

26.60

8060.00

6.77

0.70563

2.26

TBG83W

Precipitation
-

-

36.56

4.38

91.13

-

-

-

-

29.58

1.56

3.14

-

-

-

0.70852

0.00

-

17045.60

-

132.71

-

-

1333.00

-

9604.00

1154.00

428.10

26.30

52900.00

7.84

-

-

Seawater
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343.00

4.6 Water parent lithology
Determining the lithology of the weathered source rock from which groundwater
received its elemental load has been completed on a global scale using Nanormalized ratios (Gaillardet et al. 1997; Gaillardet et al. 1999). We applied this
method to Tobago's groundwater to evaluate the general trends of the source rocks,
which included the elemental corrections of precipitation inputs. The results suggest
that most of the groundwater falls between silicate rocks and carbonate rock types.
The Mg/Na vs. Ca/Na, and HCO3/Na vs. Ca/Na bivariant plots illustrated these
findings (Figure 24a & 24b). Outliers include wells TBG11W and TBG87W, springs
TBG63W, and TBG53W. TBG11W Mg/Na vs. Ca/Na contains the highest sodium
content of all samples and is closest in composition to seawater and evaporites.
TBG87W reflects the closet composition to carbonate rocks.

a

131

b

Fig. 24 Mixing diagrams using Na-normalized endmember reservoirs of lithological units from
Gaillardet et al. 1999, to establish Tobago's water samples parent lithology. 4a HCO3/Na vs. Ca/Na.
4b Mg/Na and Ca/Na. Samples are represented by shapes and color; seawater(red square),
groundwater (circles),springs (diamonds) and surface water (triangles).

4.7 Isotopic analyses δ18O & δ2H
The analysis of stable isotopes of water was used to explain the origin and
temperature of air masses and the interconnectivity of water stored within the critical
zone (Sprenger et al. 2019). This was accomplished by comparing the variations of
heavy to light isotopes in water samples and then comparing it to a local meteoric
water line (LMWL). To analyze spatial patterns, the island was segmented and colorcoded into four regions: Courland (blue), Southwest (orange), Northeast (red), and
Northwest (yellow) (Fig. 25). In general, all of Tobago's δ2H-H2O and δ18O-H2O
groundwater values are very similar in composition and plot close to the Local
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Meteoric Water Line (LMWL) with values ranging from -2.3 to -3.8 δ18O-H2O ‰ and
-6.2 to -18 δ2H -H2O ‰ (Figure 5). The Southwest and Courland regions have the
closest compositional range: ~ -2.75 to -3.25 δ18O-H2O‰ and -10 to -17 δ2H -H2O ‰
and -2.75 to -3.75 δ18O-H2O ‰ and -10 to -16 δ2H -H2O ‰ respectively. The average
δ18O-H2O ‰ and δ2H -H2O ‰ of all regions and the Northwest region the lowest
values 2.95 δ18O-H2O‰ and 9.54 δ2H -H2O ‰. This region also presents the most
distinct d-excess line. The Northeast averages -2.99 δ18O-H2O‰ and -10.49 δ2H -H2O
‰ are also slightly lower than the Courland and Southwest averages -3.09 δ18OH2O‰ and -12.95 δ2H -H2O ‰ and -3.02 δ18O-H2O‰ and -12.96 δ2H -H2O ‰
respectively.
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Fig. 25 The stable isotopes of well water and precipitation samples with the LMWL (solid line) and GMWL (dashed
line). Samples were assigned to regions by color: Courland (blue), Southwest (orange), Northeast (red) and Northwest
(yellow), and precipitation (green) is weighted by volume.

4.8 Stable isotopes of strontium (87Sr/86Sr and concentration)
The strontium's stable isotopes effectively establish mixing patterns and
groundwater flow paths in hydrogeology (Kim et al. 2003; Bestland and Stainer
2013). The bivariant plotting of

87

Sr/86Sr versus 1/Sr values indicates mixing trend

lines in aquifer systems. Tobago's analyses seen in Figure 26a shows two main
trends: groundwater representing the precipitation to rock equilibration mixing line
(blue rectangle) and the groundwater to seawater mixing line (green oval). The trend
originates from the approximate composition of ~0.70396 87Sr/86Sr, and ~ 3.99 1/Sr
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mg/L then radiate in different directions towards precipitation or seawater
compositions (Figure 26a & 26b). The 87Sr/86Sr verse Sr/ Na plot provides further
details about mixing lines between lithologies. It presents a line of mixed waters
(purple rectangle) that contains samples that contain both two-part and three-part
mixed water (Figure 26c and 26d). More specifically, samples TBG01W, TBG04W,
TBG10W, and TBG11W are on both the groundwater to seawater mixing line and the
silicate rock water to the carbonate rock water mixiing lines (Fig. 26a,226b, 26c, and
26d). Sample TBG87W was the only outlier to possess higher Sr/Na concentrations
closet to carbonate water signatures (Figure 6c black dashed rectangle). The
carbonate rock compostion on this plot was recorded by Roy, Gaillardet and Allègre,
1999.

a
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b

c

Roy et al., 1999
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d

Fig. 26 Strontium analysis of Tobago's groundwater (circles), surface water (triangles) and
spring(diamonds) using ratios and concentrations. 6a 87Sr/86Sr vs. 1/Sr concentrations showing the
precipitation to groundwater mixing line (blue rectangle) and the groundwater to seawater mixing line
(green oval). 6b Spatial map of strontium concentrations and elevation (m). 6c 87Sr/86Sr vs. Sr/ Na plot
distinguishes the silicate rock to carbonate rock (Roy et al., 1999) mixing line (black dashed rectangle)
separated from the precipitation to groundwater and the groundwater to seawater mixing (green oval). The
blue rectangle shows the groundwater that are mixed in compostion (two part and three-part mixing).6d
87
Sr/86Sr vs Sr/Na spatial map and elevation (m).
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4.9 Discussion
4.9.1 Major elemental analysis
The complexity of Tobago's aquifer geochemical results illustrates that fracture
connectivity has caused expansive groundwater mixing in the system. As a result, most of
the island's groundwater is mixed in composition regarding cations despite lithology.
However, the progressive changes from HCO3 to Cl-type waters are caused by seawater
intrusions. More specifically, the samples that trend towards the chloride endmembers are
more susceptible to chemical weathering, such as the coralline limestone or permeable
alluvial deposits. Thus, these changes represent the incremental evolution of the fresh
groundwater to seawater mixing line.
TGB04W was sampled for chloride and conductivity with depth and showed the
highest chloride levels were located in the shell sand and clay layer closer to the surface
(Figure S1). Therefore, we believe that seawater is the source of the salinity in this layer.
However, it is unknown if modern seawater is transported to the well through fractures or
if the carbonate platform contains relict seawater from the last tectonic uplift. The major
elemental chemistry of Tobago's groundwater when Na- normalized supports that most
well waters have chemical input from silicate rocks (Figures 24a and 24b). The samples
located in the carbonate platform specifically fall on the silicate rocks signature,
supporting the hypothesis that recharge in this region is transported from the high
elevation silicate rocks. Outlier TBG11W is most affected by seawater intrusion. Its Na
concentration is more than an order of magnitude than most other samples and is
classified as a Na-Cl water type (Table S5). We believe that this well is in direct contact
with modern ocean water since it is located on the Southern Tobago Fault Line, which
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cuts across the entire southern end of the island connecting to the ocean. TBG09W and
TGB10W water samples plot closest to evaporites source rocks (Figure 24a &2 4b). Their
chemistry showed large concentrations in SO4, Cl, Na, Fe, and Mn. TGB09W contained
the highest Fe concentration (2.205 mg/L) and moderately high SO4, Na and Cl compared
to the other samples. Both manganese and iron contributions in groundwater are
dependent on redox reactions. Therefore their presence in these samples suggests anoxic
conditions in this region caused by their release from oxide minerals (Hamer,
Gudenschwager, and Pichler, 2020).
In general, most Tobago well samples are supersaturated with calcite and dolomite
rocks. Spring TGB63W has the least amount of solutes compared to all other samples,
possessing the closest composition to precipitation. It is located in the elevated Tobago
Forest Reserve, and its low elemental concentration suggests a short transit time from
entry to exit of the aquifer or minimal chemical weathering occurred in the fractures it
was stored. Spring TBG53W, at the southern end of the island, attests to the complexity
of this aquifer system. It is located adjacent to well TBGG11W but contains a very
different elemental composition. For example, this spring has a Na concentration of (48
mg/L), however well TGB11W has the highest Na concentrations of wells (1600 mg/L).
The vast differences in chemistry between this spring and well show that they are not
hydrologically connected.

4.9.2 Stable isotopes of water
Tobago's wet and dry seasons are created by converging trade winds (Intertropical
Convergence Zone) and the seasonal shifts of the thermal equator. The air masses that
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produce precipitation over the islands are isotopically similar. Groundwater located in the
Courland and Southwest regions contained indistinguishable isotopic signatures.
However, they show slight variations of d-excess when compared to the LMWL. The
enriched samples in these two regions do not create distinctive d-excess trends. The
Northeast and Northwest well samples only showed signals of recharge with distinct dexcesses. This may partly reflect regional climatological differences, for example, postcondensation evaporation of fall precipitation (Xia & Winnick, 2021).

4.9.3 Stable isotopes of strontium
In Tobago, the igneous and metamorphic rocks contain similar strontium ratios
and concentrations (Frost and Snoke 1989). The 87Sr/86Sr vs. 1/Sr presents the two main
mixing trends. Well, samples in the north predominantly fall on the precipitation to
silicate rock water equilibration (Fig. 26a & 26b). The 87Sr/86Sr vs. Sr/Na further parses
the lithological mixing line between silicate rocks and carbonate rock samples and those
composed of carbonate rocks, silicate rocks, and seawater compositions (Roy et al.,
1999). We believe these mixing lines represent flow paths provided by fracture
connectivity in the island's elevated regions to the south, further supported by the
environmental tracer study discussed in (Allen and Boutt 2021), where older groundwater
(60+ years) was found in this region. It also explains why some of these sub-catchments
to the south produce 100 to 1000% more than their calculated recharge (Boutt et al.
2021).
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4.9.4 Integration of data sets
Though Tobago possesses a complex aquifer system, each geochemical method
used in this analysis presented refined information on flow paths' location and the mixing
processes. The major, minor elements and compounds showed that HCO3 water is
transported from the elevated region of the island through fractures and faults (Allen and
Boutt 2021). These waters then mix with the water in the southern carbonate platform
and undergo redox reactions and groundwater/ seawater mixing, which causes them to
reflect multiple water types (Fig. 23 & Table S5). This study, combined with previous
analyses of Tobago's waters, has created robust support of groundwater transport through
structural features (Fig. 27).

Fig. 27. Integration of all analyses on a map of Tobago illustrates the geochemical trends of each analysis type.

141

4.10 Conclusion
This research aimed to identify flow paths and groundwater mixing in the
fractured rock aquifer of Tobago. The groundwater chemistry represented the
lithology of the rocks in which the water was stored or transported. The elevated
region of Tobago played an imperative role in the transport and distribution of the
groundwater to lower elevations, where we see most of the elemental changes. For
example, anions shifted from HCO3 to Cl endmembers as the water was
transported/stored in the carbonate platform to the south. Some of these southern
waters also had multiple lithological components that contributed to their
composition. Most water samples with lower chloride levels were located at a higher
elevation and stored in silicate rocks. However, samples at lower elevation and
lithologies that were more porous and susceptible to weathering showed variability in
anion compositions.
Future work should distinguish if the increased salinity in the carboniferous layer
of well TBG04W is modern or relict/premodern seawater. It would also be beneficial
to water studies if we can establish new methods to differentiate if the elemental
changes in groundwater are caused by changes in lithology or the mixing of different
groundwater types.
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Supplementary materials
Fig. S8 TBG04W conductivity and chloride measurements with depth.

Table S4. Conductivity and chloride at depth data.

TBG04W (Carnbee)
Depth (ft) Conductivity (µm) Chloride (mg/L)
17
2670
440
23
3480
320
29
2990
280
35
2890
240
47
2850
300
59
1355
160
66
925
120
84
897
120
124
1025
160
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Table S5. Lithological calculation in Geochemist Workbench
Samp le ID

Unit

TBG18W

TBG20W

TBG21W

TBG01W

TBG02W

TBG03W

TBG04W

TBG09W

TBG10W

TBG11W

TBG38W

TBG16W

TBG19W

TBG39W

Ca++

mg/l

49.7

25.29

42.7

45.77

70.3

56.21

80.8

125.6

199.1

73.41

45.4

45.4

29.02

57.8

M g++

mg/l

25.3

49.74

18

47.03

56.23

48.68

42.8

49.69

58.47

8.736

28.7

28.7

25

39.1

Na+

mg/l

48.1

48.08

38.6

95.06

90.86

86.39

94.8

207.2

321.1

1597

52.1

52.1

42.8

35.3

K+

mg/l

8.7

8.728

13.3

4.249

4.706

4.277

3.97

16.68

12.18

9.405

0.8

0.8

13.3

-

M n++

mg/l

0.06

0.06

0.07

0.03

0.07

0.07

0.02

0.07

0.67

-

0.09

0.09

0.07

0.1
19.58

Zn++

mg/l

14.63

15.91

16.19

14.63

13.95

16.6

15.65

14.58

123.2

131.7

14.68

14.68

16.18

SO 4--

mg/l

-

-

8.6

30.93

38.63

-

-

101.9

3962

-

-

-

-

-

Cl-

mg/l

43.5

43.48

24.3

149.5

183.1

67.08

160

337.5

2589

759.9

43.9

43.9

29.7

53.6
-

Fe++

mg/l

-

-

-

-

-

-

-

2205

-

-

-

-

-

Al+++

mg/l

-

-

-

-

-

-

-

-

-

-

-

-

-

-

pH

pH

7.6

7.8

7.3

7.6

7.8

7.8

7.9

7.4

7.2

8.3

7.8

7.8

7.7

7.6

Carbonate alkalinity

mg/l CaCO 3

160

160

165

155

155

150

145

155

155

250

160

160

170

155

Temp erature

C

28

33.2

27.5

28.9

27.8

27.8

28

27.8

28.2

27.2

25.9

25.9

28.4

28.1
0.4558

CO 3--

free mg/l

0.4591

0.7889

0.2349

0.4691

0.7435

0.6984

0.8562

0.3324

0.2896

4.481

0.7066

0.7066

0.613

HCO 3-

free mg/l

187.2

185.9

194.5

181.6

177.8

172.7

166.8

137.3

175.5

271.9

185.2

185.2

199.2

178.9

CO 3--

activity

5.08E-06

8.59E-06

2.63E-06

4.94E-06

7.44E-06

7.30E-06

8.89E-06

2.04E-06

1.62E-06

3.31E-05

7.67E-06

7.67E-06

6.87E-06

4.81E-06

Ca++

activity

8.03E-04

4.01E-04

5.92E-04

6.87E-04

0.001006

8.62E-04

0.001222

0.00121

9.49E-04

7.82E-04

7.19E-04

7.19E-04

4.73E-04

8.96E-04

Cl-

activity

0.001101

0.001099

6.18E-04

0.003734

0.004502

0.001671

0.003972

0.006935

0.054

0.01715

0.001105

0.001105

7.56E-04

0.001338

HCO 3-

activity

0.002782

0.002754

0.01136

0.002665

0.002577

0.00253

0.00244

0.001771

0.002221

0.003665

0.002738

0.002738

0.002969

0.002627

K+

activity

2.01E-04

2.01E-04

3.08E-04

9.66E-05

1.06E-04

9.72E-05

9.01E-05

3.25E-04

2.16E-04

1.94E-04

1.84E-05

1.84E-05

3.08E-04

-

M g++

activity

7.00E-04

0.001354

5.01E-04

0.001226

0.001406

0.001287

0.001123

8.92E-04

5.69E-04

1.74E-04

7.81E-04

7.81E-04

6.97E-04

0.001042

M n++

activity

6.90E-04

6.78E-04

8.38E-04

2.80E-04

7.21E-04

7.71E-04

2.51E-04

4.83E-04

0.002554

-

0.001075

0.001075

8.41E-04

0.00119

Na+

activity

0.001888

0.001882

0.001519

0.003682

0.003474

0.003343

0.003663

0.007008

0.01012

0.05654

0.002034

0.002034

0.001685

0.001369

SO 4--

activity

-

-

4.58E-05

1.55E-04

1.72E-04

-

-

1.80E-04

0.01006

-

-

-

-

-

Zn++

activity

1.51E-04

1.62E-04

1.68E-04

1.40E-04

1.27E-04

1.62E-04

1.51E-04

8.79E-05

3.54E-04

9.27E-04

1.49E-04

1.49E-04

1.69E-04

1.93E-04

Al+++

activity

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Fe++

activity

-

-

-

-

-

-

-

0.01534

-

-

-

-

-

-

Water ty p e

text

Ca-HCO3

M g-HCO3

M g-HCO3

Na-Cl

M g-Cl

M g-HCO3

Na-Cl

Fe-Cl

Na-Cl

Na-Cl

M g-HCO3

M g-HCO3

M g-HCO3

M g-HCO3

Anhy drite

log Q/K

-

-

-3.196

-2.657

-2.46

-

-

-2.357

-0.7126

-

-

-

-

-

Calcite

log Q/K

0.2814

0.2491

-0.07033

0.2082

0.543

0.4682

0.7069

0.06065

-0.1412

1.078

0.3965

0.3965

0.1851

0.3056

Dolomite

log Q/K

1.426

1.979

0.6365

1.595

2.153

2.032

2.299

0.9101

0.419

2.421

1.739

1.739

1.464

1.6

Gy p sum

log Q/K

-

-

-3.043

-2.517

-2.31

-

-

-2.207

-0.5683

-

-

-

-

-
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Table S5 Lithological calculation in Geochemist Workbench continued.
Sample ID Unit
Ca++
mg/l
Mg++
mg/l
Na+
mg/l
K+
mg/l
Mn++
mg/l
Zn++
mg/l
SO4 -mg/l
Clmg/l
Fe++
mg/l
Al+++
mg/l
pH
pH
C
free mg/l

T BG40W
57.20
23.60
38.50
0.60
0.06
13.52
45.20
7.80
160.00
29.70
0.742

T BG65W
41.86
20.87
44.37
1.71
0.09
15.61
27.56
7.53
165.00
29.50
0.412

T BG35W
45.91
20.27
26.25
3.01
0.01
1.33
7.99
24.98
476.80
8.20
120.00
26.30
1.230

T BG36W
35.30
17.80
28.70
1.20
0.01
48.29
5.02
6.00
0.69
8.10
155.00
28.90
1.368

free mg/l
act ivit y
act ivit y
act ivit y
act ivit y
act ivit y
act ivit y
act ivit y
act ivit y
act ivit y
act ivit y
act ivit y
act ivit y
Water type t ext
Anhydrit e log Q/K

185.600
0.000
0.001
0.001
0.003
0.000
0.001
0.001
0.002
0.000
Ca-HCO3
-

192.900
0.000
0.001
0.001
0.003
0.000
0.001
0.001
0.002
0.000
Ca-HCO3
-

114.800
0.000
0.001
0.001
0.002
0.000
0.000
0.000
0.001
0.000
0.000
0.0047
Fe-HCO3
-3.4270

181.200
182.800
0.000
0.000
0.001
0.001
0.000
0.001
0.003
0.003
0.000
0.000
0.001
0.001
0.000
0.000
0.001
0.002
0.000
0.001
0.000
0.0000
Ca-HCO3 Mg-HCO3
-3.4560
-

Carb o n ate alk alin ity

Temperature

CO3 -HCO3 CO3-Ca++
ClHCO3 K+
Mg++
Mn++
Na+
SO4 -Zn++
Al+++
Fe++

mg/l CaCO 3

T BG12W
51.10
40.40
52.90
2.60
0.00
12.92
48.20
7.50
155.00
27.90
0.353

T BG13W
58.90
59.30
83.30
4.60
0.02
13.96
145.00
7.60
150.00
30.30
0.465

T BG33W
125.00
54.80
105.90
3.50
0.07
23.87
209.90
8.00
178.00
29.20
1.388

T BG34W
19.60
11.50
14.70
0.70
0.00
2.50
5.80
15.60
7.60
110.00
26.80
0.284

T BG37W
38.10
17.60
34.40
0.80
0.70
25.10
13.89
33.10
7.90
225.00
27.60
1.271

174.500
0.000
0.001
0.004
0.003
0.000
0.002
0.000
0.003
0.000
Mg-Cl
-

198.700
0.000
0.002
0.005
0.003
0.000
0.001
0.001
0.004
0.000
Ca-Cl
-

132.000
0.000
0.000
0.000
0.002
0.000
0.000
0.000
0.001
0.000
0.000
Ca-HCO3
-3.5270

262.500
257.900
181.200
189.300
167.000
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.000
0.004
0.004
0.003
0.003
0.002
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.003
0.000
0.000
0.003
0.001
0.002
0.002
0.001
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
Ca-HCO3 Mg-HCO3 Mg-HCO3 Mg-HCO3 Ca-HCO3
-3.0510
-2.8160
-
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T BG86W
39.64
28.51
40.46
1.12
0.24
18.11
31.41
24.43
7.30
225.00
28.00
0.341

T BG05W
56.20
47.06
58.23
10.73
0.02
13.15
44.41
7.60
155.00
28.20
0.451

T BG15W
30.80
20.20
35.90
3.50
0.01
13.47
38.29
7.80
160.00
30.80
0.730

T BG17W
100.20
29.17
39.08
1.54
0.33
33.24
16.66
7.40
150.00
26.60
0.285

T BG87W
336.00
223.60
32.00
29.00
1.21
139.90
1972.00
6.77
200.00
26.60
0.116
204.300
0.000
0.003
0.041
0.003
0.001
0.004
0.008
0.001
0.001
Mg-Cl
-

CHAPTER 5
SENSITIVITY OF A FRACTURED ROCK ISLAND-AQUIFERS SYSTEM TO
GROUNDWATER PUMPING AND FUTURE RAINFALL VARIABLITY.
Abstract
Fractured rock aquifers can store and transport large quantities of groundwater
used by many countries as their only water source. However, it is still unknown how this
resource is affected by current changing climate scenarios. This ongoing research aims to
quantify the changes in storage and assess the impacts of saprolite thickness of a small
fractured rock island aquifer Tobago, WI. A fifty-year historical precipitation record was
used to develop rainfall projections RCP 4.5 & RCP 8.5 from 2030 to 2099. Statistical
downscaling of the model data was derived from CanESM2, which has a resolution of
2.81° x 2.81°. The results were used to calculate a monthly transient recharge multiplier
for a steady-state model created by Boutt et al. 2021. The island is predominantly
composed of igneous and metamorphic rocks with a carbonate platform to the island's
southeast.
Environmental tracer testing of tritium and sulfur hexafluoride suggests that some
catchments contain much older ages of groundwater due to transport times to the
southern sub-catchments of the island. Precipitation trends show annual precipitation
cycles with minimum rainfall in the year 2056 of 1097.90 mm/year in the RCP 4.5 model
and maximum rainfall in RCP 8.5 model of 1623.3 mm/year in 2099. We perform
forward-looking simulations of changes in groundwater storage due to freshwater
extraction and changes in aquifer recharge due to climate change. Because of the small-

147

spatial scale of the aquifer system and the compartmentalization of the flow systems,
pumping impacts tend to be localized. Key findings include: 1) the prolonged droughts
will highly stress the aquifer leading to a reduction in water storage and water levels
leading to more streamflow depletion and reduction in submarine groundwater discharge,
and 2) that the wetter periods (pluvials) will cause water tables to rise and change the
location and type of groundwater recharge leading to reorganization of flow paths and
perhaps an alteration of groundwater chemistry as a result.

5.1 Introduction
The fractured rock aquifer of the island of Tobago has been a recent location of
research that has expanded our knowledge of these aquifer types. The island is the
smaller of the twin Republic of Trinidad and Tobago, with more than 70,000. The
demand for potable drinking water has been increasing steadily and is expected to
continue in the future( Boutt et al., 2021). Severe droughts and water shortages led to
research into the area. This predominantly fractured rock aquifer system has a calculated
annual recharge of 370E+05 m3/day, 94% of the inflow and 64% of potable water is lost
to the ocean using the water balance approach and the three-dimensional steady-state
modeling. It was also found that s for new well locations (Boutt et al., 2021).
This study also found that the aquifer is structurally complex because some southern subcatchments produced between 100 to 1000% more than its calculated recharge ( Boutt et
al., 2021). Further research into the geochemical and environmental tracer analysis of the
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island's groundwater shows multiple groundwaters mixing lines and older (60+ years)
groundwater ages in the south of the island, supporting the hypothesis of the
interconnectivity of faults and fractures in the subsurface (Allen & Boutt, 2021). Climate
projections have indicated that the Caribbean will continue to experience drying trends in
the future (Herrera et al., 2018), and it is still unknown how this will impact these aquifer
types.
The purpose of this study is to analyze the effects of recharge on the island of Tobago by
applying transience to the three-dimensional steady-state model created by Boutt et al.
2021, using calculated recharge inputs from climate models' precipitation projections.
RCP 4.5 precipitation projections represent the intermediate projected trends, and RCP
8.5 represents the region's worst-case scenario of precipitation decreases. In addition, this
paper describes the methodology and results of storage changes and compares the results
of these two models.

5.2 Characteristics of fractured rock aquifers
Fractured rock aquifers are large-grained crystalline rocks such as igneous or
metamorphic rocks. They contain low primary porosity and permeability; however,
fractures and faults provide secondary sources for these characteristics. Saprolites, which
are the weathered region of their crystalline rocks, also offer storage for groundwater
(Fetter, 1988).
The hydraulic conductivity of fractured rock aquifers with the amount or size of fractures
ranging approximately 10-4 to 5 m d-1 impressively overlapping in velocity with some of
the highest hydraulic conductivities as seen in carbonate rocks and glacial till and sands
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(Anderson et al., 2015). The specific storage can also be upward of 1.0 *10-4 m-1, and
specific yield can range from amounts similar to or more significant than gravels and
sands( 0.01 to 0.33 )(Anderson et al., 2015).
Past studies have not included the fractured regions of bedrock; however, it has
been established that recharge is not rapid in these heterogeneous aquifers at depth and
that they are regulated by soil layer thickness and hydraulic conductivity. Therefore,
responses to rainfall cause two recharge responses; quick and localized and slow and
widespread (Fig. 28) (Gleeson, Novakowski and Kurt Kyser, 2009; Cai and Ofterdinger,
2016). It has also been established that the conceptual models of fractured rock aquifers
should consider both the saprolite layers and the deep, highly dynamic fracture bedrock
regions of study areas because they are both imperative in understanding this system
(Banks et al., 2009).

Fig. 28. Conceptual models of groundwater/surface water gaining stream conditions in a saprolite-fractured bedrock
aquifer system by Banks et al. 2009. a homogeneous system, b subsurface flow in the surficial saprolite zone only,
and c subsurface flow occurs in both the surficial saprolite layer and deeper fractured bedrock aquifer.

Like other aquifer systems, hydrograph analysis is used to decipher the trends of
different aquifer systems using Darcy's Law. The behavior of the hydraulic gradient flow
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directions signifies which areas in the aquifer is recharge areas (downward flow
direction), discharge areas (upward flow), or stagnant (Fig. 29).

Fig. 29. Darcy's Law flow interpertations created by David Boutt.

5.3 Methods
5.3.1

Precipitation inputs.

RCPs precipitation inputs conversion to recharge multiplier calculations.
Daily precipitation projections were created using Representative Concentration
Pathways (RCP) in mm/days for the island of Tobago RCP 4.5 represents the
intermediate forcings, and RCP 8.5 represents the worst-case scenario for precipitation
changes in this region of the Caribbean (van Vuuren et al., 2011). As for the model
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resolution, the predictor variables used for the statistical downscaling of the model data
were derived from CanESM2, which has a resolution of 2.81° x 2.81°.

Fig. 30. Monthly precipitation projections for RCP 4.5 and RCP 8.5.

The daily precipitation of each RCP was converted to monthly rainfall
(mm/month) and the average monthly rainfall for each month from 2030 to 2099 (Fig
30). The average annual precipitation was also calculated for both climate projections (
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Fig. 32). The fifty-year monthly precipitation data presented in Boutt et al. 2021 was
plotted with both RCP's average monthly precipitation records (Fig. 31).

Fig. 31. Monthly precipitation from Boutt et al., 2021, compared to average monthly
averages of the RCPs.
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Fig. 32. Average annual precipitation of RCP 45 & RCP 85.

5.3.1 Recharge efficiency calculation
Using the monthly average precipitation data and the monthly average recharge
from Boutt et al., 2021 we calculated the monthly minimum, maximum, and average
recharge efficiency (Recharge Efficiency = average annual Recharge/precipitation
average annual (R/P). This number represents the percentage of rainfall that becomes
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recharged in the aquifer. (Table 9 & Fig.33), which allowed us to calculate a recharge
multiplier from the precipitation projections for each month of the year. Please note that
Modflow was not converging when recharge = 0, so we decided to use 0.15 at the
multiplier for months with zero recharge for the first 100 years equilibrium period.

Table 9. Recharge efficiency calculation using data reported in Boutt et al.
2021
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Fig. 33. Recharge efficiency calculated using the average annual precipitation and average annual
recharge of Tobago from Boutt et al., 2021.

The Recharge Efficiency was multiplied by the RCP 4.5, and RCP 8.5 monthly
precipitation amounts to represent the percentage of the recharge multiplier precipitation.
The recharge efficiency represents what fraction or percentage of precipitation turns into
recharge.
Finally, we divided the average monthly precipitation of the RCP projections
(mm/month) and the average historical monthly precipitation from Boutt et al., 2021
(mm/month) for the period (2030 to 2099), then each monthly value to the corresponding
monthly multiplier. The final result is a unitless recharge multiplier which was inputted
into the model as the Recharge Multiplier (Equation 14 & Fig.34).
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[Equation] (RCP 4.5 / Boutt et al., 2021)* Recharge Efficiency = Recharge multiplier (14)

Fig. 34. The calculated recharge multiplier for RCP 4.5 and RCP 8.5.
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5.3.2 Model assumptions
1. Precipitation change for the period 2030 to 2099 is the only parameter with
transience in the model.
2. Evapotranspiration is a significant contributor to the hydrological cycle
changes over time; however, it remains constant in this simulation; therefore, it represents
the at amounts presented in the steady-state model, calculated using the water balance
approach.
3. Runoff is a dependent variable and does not include the effect of land use or
vegetation types and coverage.
4. The model's hydraulic conductivity and its parameterization was assigned using
equivalent porous media theory to include fault indirectly and fracture hydraulic behavior
in the model.

5.3.3 Transient model development from a steady-state model
This transient model contained all the boundary conditions, and model settings
from the steady-state model created in Boutt et al., 2021 were used in these model
simulations. However, for the transient model, stress periods, time steps, recharge
multipliers, and storage properties must be assigned.

[Equation] :

δ
δ𝑥𝑥

�𝐾𝐾𝑥𝑥

δ
δ
�+
δ𝑥𝑥
δ𝑦𝑦

�𝐾𝐾𝑦𝑦

δ
�
δ𝑦𝑦

+

δ
δ𝑧𝑧

�𝐾𝐾𝑧𝑧

δ
�
δ𝑦𝑦

= 𝑆𝑆𝑠𝑠

δℎ
δ𝑡𝑡

− 𝑅𝑅 ∗ (15)

This calculation allows for the three-dimensional computation of the water balance
equation ( outflow- inflow = change in storage) andDarcy's law (𝑄𝑄𝑠𝑠 = −𝐾𝐾
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δℎ
𝐴𝐴
δ𝑠𝑠

), where

𝐾𝐾𝑥𝑥 , 𝐾𝐾𝑦𝑦 and 𝐾𝐾𝑧𝑧 are vectors of hydraulic conductivity in the x, y and z direction, Ss is
specific storage (the volume of water released from a unit volume of aquifer under a

change in head of 1 unit), and 𝑅𝑅∗ represents the sources or sinks (e.g. pumping well or

other recharge source) (Anderson and Woessner 2015 (Anderson et al., 2015; Fitts 2013)
The model was first converted to a transient model with monthly 2040 stress periods and
contained two-time steps each month. This number represents 100 years * 12 months to
obtain initial equilibrium for the first 100 years 1929 to 2029 ( 1.4 for wet months and
0.15 for dry months), plus the projected recharge multiplier calculated by the RCP
climate models from 2030 to 2099
For storage properties, specific storage (Ss) was assigned a value of 1E-4, and specific
yield (Sy) was 0.15.
Eight monitoring wells were also placed throughout the island to monitor the change in
head over Time (Fig. 35).

N
Fig. 35. Locations of monitoring wells throughout the island.
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5.3 Results

5.4.1 RCP 4.5
The model recharge multipliers produced from the precipitation projections of
RCP 4.5, which represents the intermediate level drying trends, show consistent drying
(decreases in hydraulic head) from 1929 to 2099. As a result, the island's hydraulic head
decreases from approximately 3.1 to 39 m throughout different regions. In detail, the
minor change of 3.1m is located at monitoring well M4, which is located at the mideastern side of the island (Figure 8). This location is a discharge area since the hydraulic
head of layer two is higher than layer 1 (Fig. 35 and Fig. 36). This is also the only
monitoring well that increased during the first 100 years of the model.
However, the dramatic change in head over time is seen in M3, which is the most
elevated region of the island that is also a major recharge location (Fig.36).
There is also a more significant annual variation at monitoring wells M2, M6, M7 and
M8.
The hydrographs of RCP 4.5 show that Tobago is currently in a wet period and will
transition into a dry period at approximately 2030. However, the hydrograph for M4 also
indicates that there was possibly a dry period in this region from 1929 to 1950 (Fig 37).
The mid to northern monitoring wells M6, M7 and M8 show the distinct pattern of
Tobago's dry season from 1929 to 2030. Even though this period of time reflects wetter
conditions, the months' March to May has lower heads than the other months.
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5.4.2 RCP 8.5
This model displayed very similar drying trends as RCP 4.5; however, there are
some distinct differences at locations. For example, monitoring well M2 was the only
location that increased in head by approximately 4.5 m (73.4 m to 77.9 m) during the first
100 years equilibrium period, then possessed the most minor decrease in head over the 70
years calculated recharge period of 0.45 m (Fig.36). The most significant change in the
head is seen at monitoring well M3 where the hydraulic head fell approximately 37 m
over 170 years.
Monitoring wells M6, M7, and M8 contain similar cyclical patterns of RCP 4.5;
however, the last 70 years of the model had a more comprehensive range of values.
The RCP 8.5 hydrograph results are also nearly identical to the RCP 4.5 patterns showing
the initiation of a dryer period beginning in 2030 (Fig 37). On the other hand, monitoring
well M2 presented the opposite results of all trends suggesting that between 1929 and
1970, the island was experiencing dryer conditions then progressively got wetter to 2099.
Additionally, the M2 wells in both models have very different head ranges. RCP 4.5 M2
monitoring well contained larger heads from 99 to 103.5 m, while M2 of the RCP 85
values were between 73 to 78, which is much lower.
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Fig. 36. Hydraulic head (m) versus Time (days) plots of RCP 4.5 & RCP 8.5

RCP 4.5 Monitoring wells

RCP 8.5 Monitoring wells

a

162

RCP 4.5 Monitoring wells

RCP 8.5 Monitoring wells

b

c
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RCP 4.5 Monitoring wells

RCP 8.5 Monitoring wells

d

e
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RCP 4.5 Monitoring wells

RCP 8.5 Monitoring wells

f

g
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RCP 4.5 Monitoring wells

RCP 8.5 Monitoring wells

h
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Figure 37. Hydrograph analysis of hydraulic head over time.

167

168

5.5 Discussion
These two transient models have presented consistent decreases in Tobago's water
levels at the monitoring wells during projected intermediate and severe declines in
rainfall on the island. The results contained similar ranges and patterns in both models
except for one region in RCP 8.5. Monitoring well M2 in the RCP 8.5 model included
increases in the hydraulic head during the first 100 years equilibrium period, then showed
the smallest decline in head during the last 70 years of the transient period.
The causes of the increased head at this region of the island can be a response to
multiple processes. Past studies by Boutt et al., 2021; Allen and Boutt, 2021 and Allen et
al., 2021 in prep illustrate this island region has groundwater mixing occurring, older
groundwater ages, and sub-catchments producing more than the calculated recharge. The
increase in this region could represent both local recharge combined with water being
transported via fractures and faults in transit to the lower elevations to the southern end of
the island or more localized rainfall at this location. It must be noted that even though
RCP 8.5 suggest that there will be a progression of dry to wet period, its dry period has
much lower values (73 to 74.5 m) than the RCP 4.5 model (99 to 101 m), which show
lower recharge due to the increased drying. Both models predict similar responses of the
aquifer showing a constant decrease in storage over time; however northern wells M6,
M7, and M8 display high sensitivity to changing recharge in the hydrograph analyses of
both model results.
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5.6 Conclusion
Two transient models were created to predict the changes in storage in
intermediate and extreme drying trends over the period of 170 years (100 years
equilibrium data and 70 with a recharge multiplier). A progressive decrease in hydraulic
heads shows that there will be a decrease in storage due to lower precipitation and
recharge. The one location that showed head increases over time (RCP 8.5 M2) reflected
much lower heads than the RCP 45 model region M2, which predicted drying towards
2099.
These models can be more robust if additional conditions include future
temperature changes and both evapotranspiration (physical evaporation, which includes
soil and land evaporation, and transpiration). These contributors must be treated
differently because their responses to meteorological conditions on the land surface,
vegetation, and land use conditions are different (Lian et al., 2018). Therefore, in situ
measurements can be used to obtain local information on the island of Tobago coupled
with Earth system models (ESMs), providing more correct estimates across spatial and
temporal scales (Lian et al., 2018).
Another improvement includes the addition of the fractures and faults as mapped
in Snoke et al., 2021 and assigning them their own hydraulic conductivity. This addition
will directly introduce interbasin flow in the system.
It is also imperative to adjust for sea-level rise over this period. We also intend to
change the top layer of the model to represent the true hydraulic conductivity of
saprolites and saprolite thicknesses to see its effects on storage during continuous drying
trends.
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Finally, we aim to use particle backtracking of the tritium from the wells discussed in
Allen and Boutt, 2021, to find the locations where these samples entered the aquifer and
validate flow velocities calculated in that publication.
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